Octupole-Coupled States in 207Tl Populated via β Decay by Berry, Tom
Octupole-Coupled States in 207Tl
Populated via β Decay
Thomas Berry
Department of Physics,
University of Surrey,
Guildford, GU2 7XH
Submitted for the Degree of Doctor of Philosophy
March 2019
Declaration of Authorship
I, Thomas Berry, declare that this thesis titled, ‘Octupole-Coupled States in 207Tl Pop-
ulated via β Decay’ and the work presented in it are my own. I confirm that:
• This work was done wholly or mainly while in candidature for a research degree
at this University.
• Where any part of this thesis has previously been submitted for a degree or any
other qualification at this University or any other institution, this has been clearly
stated.
• Where I have consulted the published work of others, this is always clearly at-
tributed.
• Where I have quoted from the work of others, the source is always given. With
the exception of such quotations, this thesis is entirely my own work.
• I have acknowledged all main sources of help.
• Where the thesis is based on work done by myself jointly with others, I have made
clear exactly what was done by others and what I have contributed myself.
Signed:
i
Abstract
The nucleus 207Tl, a single proton hole away from the doubly magic 208Pb nucleus,
was studied in two βγ decay spectroscopy experiments at the ISOLDE Decay Station
(IDS), first in 2014 and again in 2016. The aim was to establish a level scheme below
Qβ = 4.55(3) MeV, and then assign spin-parities and character to the observed states.
From this work an improved level scheme has been established, with increased detail
on the transitions between levels than had previously been reported. A total of 26
levels and 110 transitions are reported, including eleven newly observed levels lying
at excitation energies 3014, 3197, 3431, 3494, 3570, 3581, 3634, 3644, 3800, 3850 and
3940 keV. Several different methods have been utilised to assert spin-parities for the
observed states, including angular correlation analysis for the first time at IDS. States
have been characterised by comparison with the results of state-of-the-art large-scale
shell model calculations, in order to determine which result from coupling involving
the highly collective octupole 3− vibration observed in a number of nuclei in the 208Pb
region. Five octupole states (two confident, three tentative) have been assigned in this
analysis for the first time. The KHM3Y shell model calculation is found to systematically
underestimate the energy of the vibration by around 0.2 MeV, and also systematically
underestimates its energy in other nuclei in the region, while overestimating the energies
of other non-collective excited states. This is a significant limitation. The discrepancy
is explained here as a consequence of omitting certain mixing considerations, and it is
suggested that mixing with t=2 excitations is reduced for the collective coupled states.
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The detailed information on excited state energies, spin-parities, transition branching
ratios and β-decay feeding intensities established here will be useful in future efforts to
accurately describe nuclei in this region. Finally, during the investigation it was found
that the pi0g−17/2 3474(6) keV state appears not to be populated in the β decay from
207Hg:
a clear indicator of the rarely-observed ∆n = 0 selection rule for allowed Gamow-Teller
decay. A limit log ft > 8.8 is determined from statistical limits of observation, and the
result is evaluated in terms of the radius parameters of the orbitals involved and in terms
of its potential impact on decay half-lives in neutron-rich nuclei of astrophysical interest.
iii
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Chapter 1
Introduction
The atomic nucleus is a system composed of protons and neutrons interacting through
fundamental forces. Despite being the subject of intense study for the best part of a
century, there is still much to be discovered about nuclear behaviour. Crucially, compu-
tational limitations mean that in most situations a direct simulation of these particles
and forces is not feasible. Our knowledge leans on experimental observations to which
theorists must then fit their simplified models, which themselves vary depending on the
region of the nuclear chart being investigated.
The nuclear shell model, detailed in Section 2.1.1, was built in order to reproduce the
discontinuous behaviour and increased stability observed at ‘magic numbers’ of protons
(Z) and neutrons (N) [1,2]. It is regularly used as a basis for nuclear structure studies,
particularly for nuclei close to these magic numbers, where it is successful in its ability to
minimise the required theoretical model space while maintaining an accurate description
of few-valence-particle behaviour. 208Pb lies at the Z = 82 and N = 126 major shell
gaps, making it the heaviest known stable doubly magic nucleus. With no low-energy
particle-hole excitations, its first excited state corresponds to a highly collective 3−
excitation [3]. This collective vibrational octupole phonon is also observed in other
nuclei in the region, coupled to other excitations. Its coupling behaviour could reveal
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Figure 1.1: Empirical energies [3–5] of single-particle orbitals around the 208Pb shell gaps, relative
to 208Pb [6]. Arrows show ∆l = ∆j = 3 orbital pairs across the gap.
information on the microscopic composition of the phonon: it is thought to arise as a
result of the presence of a number of ∆l = ∆j = 3 orbital pairs either side of the proton
and neutron shell gaps, shown in Fig. 1.1. Efforts to describe nuclei in the 208Pb region
using shell-model calculations are limited by inaccurate replications of the behaviour
and composition of the phonon in terms of shell-model orbitals.
The nuclei ‘south-east’ of 208Pb (Z < 82, N > 126), shown in Fig. 1.2, present further
physical interest in that the most relevant proton and neutron orbitals are separated by
more than one major shell gap. Only two other regions of the experimentally accessible
nuclear chart – south-east of doubly-magic 48Ca and 132Sn – share this characteristic.
Significantly, as a result there exist several neutron-proton orbital pairs in the (Z < 50,
N > 82) and (Z < 82, N > 126) regions which are separated by ∆l = 0, 1 and ∆n = 0.
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Figure 1.2: The nuclear Segre´ chart between Z = 74 (tungsten) and Z = 83 (bismuth), The nuclei
surrounding the 207127Hg→207126Tl decay are expanded, with experimental half-life and ground-state
spin-parity also included. Adapted from ref. [10].
By the well-known spin-parity laws of β decay (∆I = 0,±1, ∆pi = 0) these decays should
proceed via allowed Fermi or Gamow-Teller transitions. However, a rarely-observed
selection rule – termed the ∆n = 0 rule – forbids a change in the radial quantum
number n in allowed decays. Previous experiments have investigated non-observation of
the ν1f7/2 → pi0f5/2 transition in 131Cd → 131In decay [7], and of the pi2s1/2 → ν3s1/2
transition in 209Tl → 209Pb decay [8, 9]. Analysis of the 207Hg → 207Tl decay presents
an opportunity to probe the ν1g9/2 → pi0g7/2 transition in greater detail, given the
increased wave function contributions of the relevant orbitals and the high statistics
available.
The research presented in this thesis uses gamma-ray (γ) spectroscopy, analysing
data from two experiments performed at the ISOLDE Decay Station (IDS) at the CERN-
ISOLDE facility, in an effort to learn about the structure of the single-proton-hole nucleus
207Tl through β− decay from 207Hg. 207Tl has been studied in a number of previous
experiments [4], but only once via β decay [11]. As a result, there is currently scarce
experimental information on the states resulting from coupling between the octupole
phonon and the pis1/2, pid3/2, pih11/2 and pid5/2 proton hole states. There is also minimal
information on the β-decay transition populating the pig−17/2 state.
After establishing an improved nuclear level scheme for 207Tl using βγ and βγγ spec-
troscopy, several different methods of assigning spins and parities are exploited. This
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includes the application of angular correlation analysis: a first for an experiment at IDS.
Relation of the observed states and spin-parities to large-scale shell model calculations
allows investigation of the composition of the states. Differences between experimen-
tal observations and theoretical predictions can then be evaluated in order to improve
understanding of the 208Pb octupole excitation and the relevant theoretical approaches.
4
Chapter 2
Theory
2.1 Nuclear models
The creation and development of nuclear models has been driven by the need to equate
theoretical predictions with the real-world behaviour observed in nuclear physics exper-
iments. While the constituent particles and forces in the nucleus are well-established,
the complexity of the many-body system makes its behaviour difficult to predict. The
nature of the optimal model depends very much on the type of nucleus being described;
there is no over-arching single theoretical model. Two simple models – the shell model
and the collective model – have seen success and so are regularly used as a basis for more
complicated theoretical descriptions. These are both important to this study of 207Tl,
and are described in the following sections.
2.1.1 Shell model
Fundamental to the study of nuclear structure is the shell model concept in which protons
and neutrons move in a central potential generated by all nucleons, proposed in the 1930s
by Ivanenko and Gapon [12, 13] and developed continually since, most importantly by
Goeppert-Mayer in 1950 with the introduction of the spin-orbit interaction [1, 2]. Its
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basis is analogous to the filling of atomic shells by electrons: the constituent protons and
neutrons of the nucleus, treated separately, are permitted to exist in orbitals possessing
distinct sets of quantum numbers, as dictated by the Pauli exclusion principle. As a
result, as nucleons are added to the nucleus, higher nuclear states are filled corresponding
to greater excitation energies. The shell model is simple because it groups the majority
of the neutrons and protons into inert filled spherical shells, and treats the handful of
remaining particles separately, interacting with one another while lying in the potential
of the filled shells.
A key early victory for the independent particle shell-model approach was its ability to
describe the ‘magic numbers’: these are the proton and neutron numbers (2, 8, 20, 28, 50,
82, 126) at which relatively large energy gaps occur between adjacent orbitals, resulting
in overly stable nuclei at these points in the nuclear chart. Evidence for the existence
of these magic numbers includes: higher numbers of stable isotopes (isotones) at magic
proton (neutron) numbers; larger nucleon capture cross-sections for nuclei close to the
magic nuclei than for the magic nuclei themselves; and higher first excitation energies
and nucleon separation energies for magic nuclei. An example is shown in Fig. 2.1.
The first component of the traditional nuclear shell model is the choice of central
potential. Two of the most common potentials chosen are the simple harmonic oscillator
and the Woods-Saxon potential. The harmonic oscillator potential is given by
V0(r) =
1
2mω
2r2 (2.1)
where ~ω is typically around 41A1/3 MeV [14]. This is useful because of its simplicity
but it is unphysical outside the nucleus, with the potential increasing to infinity at long
distances rather than zero.
The simple harmonic oscillator potential as shown in Fig. 2.3(a) only manages to
replicate the first few magic numbers, failing at higher proton and neutron numbers.
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Figure 2.1: Deviations of experimentally observed nuclear masses from those predicted by the
spherical liquid drop model, with stronger negative differences implying greater stability at the
proton and neutron magic numbers. Image from ref. [15], originally adapted from ref. [16].
More appropriate is the Woods-Saxon potential described by equation 2.2 and shown in
Fig. 2.2, primarily chosen because its flat inner potential well matches the homogeneous
density inside the nucleus, while the smooth but short drop-off in potential at the nuclear
surface also recreates the short range of the attractive strong force between nucleons.
The potential is equal to
V0(r) =
V0
1 + exp
[
r−R
a
] (2.2)
where V0 is equal to the potential well depth, r is the distance from the centre of the
nucleus, R = R0×A1/3 = 1.25A1/3 fm is the nuclear radius and a is a quantity dictating
the surface thickness.
The energies of the low-lying levels suggested by both the simple harmonic oscillator
and the Woods-Saxon potential are roughly correct (Fig. 2.3), but the potentials fail to
replicate the full set of magic numbers and so cannot work alone. To resolve this, the nu-
7
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Figure 2.2: The Woods-Saxon plus spin-orbit potential for a pi3s1/2 state in a Z = 81, N = 126
nucleus with standard parameters V0 = −53 MeV, VSO = +22 MeV, a = 0.65 fm.
cleus is considered as a quantum mechanical system. A state in the shell model nucleus
has quantised integer orbital angular momentum quantum number l (corresponding to
total orbital angular momentum ~
√
l(l + 1) ), for each of which there exist 2l+ 1 degen-
erate magnetic substates ml and two possible spin states ms with angular momentum
±12~. This results in a total level degeneracy of 2(2l + 1), as dictated by the Pauli
exclusion principle. The solution to the magic number problem is to add a spin-orbit
potential, VSO, representing the interaction of the nucleon’s spin with its orbital angular
momentum [1,2].
VSO(r) = VSO
1
r
d
dr
 1
1 + exp
[
r−R0
a
]
 (2.3)
V (r) = V0(r) + VSO(r) 〈l · s〉 (2.4)
The effect of VSO(r), shown in equation 2.3, is to reduce the energies of substates with
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Figure 2.3: Demonstration of the formation of the magic numbers up to 126 with a shell model
central potential and spin-orbit interaction (adapted from ref. [17] p. 123). The magic numbers
2, 8, 20, 40, 70, 112 produced by the simple harmonic oscillator potential in (a) fail to replicate
those observed at higher nucleon number. In (b) the Woods-Saxon potential also fails to replicate
the full set of magic numbers. In (c) the states in the Woods-Saxon potential are split by the
addition of a spin-orbit interaction. This clearly reproduces energy gaps at the correct nucleon
numbers. It is noted that the ordering of orbitals here does not necessarily reflect the ordering
observed in single-particle nuclei.
spin parallel to orbital angular momentum through its dependence on the expectation
value 〈l · s〉. This has the effect of splitting the shell model states such that the larger
energy gaps are located at the positions of the observed magic numbers, resulting in the
increased stability observed at these points. This is shown in Fig. 2.3.
As a result of the splitting, for each non-zero value of l there exists a spin-up and
a spin-down state. States are hence identified by total angular momentum quantum
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number j = l + s = l ± 12 . Paired nucleons preferentially possess opposite values of mj ,
meaning that such pairs have no overall spin. This greatly simplifies the situation: since
the spin of the nucleus is the sum of the spin of its nucleons, most cancel out such that
only the unpaired nucleons need be accounted for. In even-even and odd-odd nuclei,
states possess integer spin, and even-even nuclei have ground state Jpi = 0+ because all
nucleons are paired. States in an odd-even nucleus have half-integer spin.
The spdf-notation is used for states, whereby the letters s, p, d, f, g, h, i and j denote
the value of l (s for l = 0, p for l = 1, d for l = 2 and so on). This also serves as an
indicator of the parity, pi = (−1)l, of a state. Shell model orbitals are labelled lj (e.g.
h9/2, f7/2, i13/2) and nuclear states are labelled Jpi (e.g. 92
−, 72
−, 132
+).
The parallels which can be drawn between nuclear and atomic shells are clear: both
contain states consisting of different combinations of quantum numbers corresponding
to components of angular momentum, resulting from the Pauli exclusion principle. In
atomic physics there exists the integer principal quantum number n. Higher values of n
are associated with a higher electron potential energy and allow higher angular momen-
tum l. In nuclear physics the quantum number n still exists, but instead corresponds to
the number of nodes in an orbital’s radial wavefunction. As in atomic physics, higher
n corresponds to a higher potential energy, such that, for example, the proton pi2s1/2
orbital lies above the pi1d5/2 orbital, several orbitals above the corresponding pi1s1/2
orbital (as seen in Fig. 2.3). The ‘radial’ quantum number n in nuclear physics is rarely
discussed and is usually used only as a label for the ordering of states. However it does
have significance in radioactive decay, discussed in Section 2.2.2.
While the harmonic oscillator potential plus spin-orbit term is not without success,
the majority of modern shell model approaches use the Woods-Saxon potential. The
potential is only described here in its most basic form, in order to explain the nucleon
magic numbers. Studies continue to find optimal values for the model parameters in
order to replicate observations. In addition to the bare Woods-Saxon potential V0 and
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the spin-orbit potential term VSO shown in equation 2.4, V (r) may also account for
multipole deformation [18,19] and Coulomb repulsion [20].
The simplest form of the shell model is the extreme independent particle model,
whereby the nuclear properties are defined by at most a single unpaired non-interacting
valence nucleon. This ignores residual interactions between nucleons close to the Fermi
level. The pairing interaction is one such residual interaction. Multi-state configuration
mixing (Section 2.1.3) has a significant effect on observed states. As more nucleons are
added, the complexity of the residual interactions increases rapidly, and the independent
particle model loses accuracy.
2.1.2 Collective model
Relevance of collective behaviour
The described version of the shell model contains only two components: the central mean
field potential and the single-particle spin-orbit interaction. It is hence most successful
when describing nuclei very close to closed shells, where the number of valence particles is
low, because the properties of the whole nucleus are given by just a few nucleons. Away
from closed shells there are more valence particles and more interactions to account
for, and so an accurate description is more difficult, requiring precise knowledge of all
interactions. The nucleus 207Tl is just one proton-hole away from the Z = 82, N = 126
shell gaps, and so at low energies (below 2 MeV) is described well by the single-particle
shell model. However, for a comprehensive description of nuclear structure it is essential
to consider the internal interactions more deeply.
By assuming that valence nucleons determine the overall nuclear properties, the basic
shell model approach neglects phenomena which may arise as a result of the many indi-
vidual interactions between nucleons. Many aspects of nuclear behaviour are explained
more simply by models of deformation, vibration and rotation [17]. These phenomena
lead to the existence of new states not corresponding to the excitation of particles be-
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tween individual orbitals. Effects of this type are termed ‘collective’. Deformation (and
hence collective rotation, since this is only observed for deformed nuclei) is less relevant
in this work, since close to the doubly closed shell the nuclei are generally spherical.
Collective vibrational behaviour, however, has a significant effect on the energy levels in
207Tl.
Collective behaviour is described with respect to the liquid drop model (ref. [21], p.
365). The liquid drop model was conceived by Bohr in order to describe nucleon capture
reactions in which energy is exchanged between the incident particle and the target
nucleons. The shell model asserts that, due to the exclusion principle, the timescale
for nucleon-nucleon collisions within the nucleus is relatively long as many final states
are prohibited. However, the short timescale of projectile-target energy exchange would
require stronger interactions between nucleons and less independent behaviour.
Collective vibrations
For a liquid drop nucleus undergoing collective motion of multipole order λ, the time-
dependent nuclear surface coordinate R(θ, φ, t) can be described using the spherical
harmonics Y (θ, φ) and the time-dependent shape parameters, or collective coordinates,
αλµ(t) [14].
R(θ, φ, t) = R0
1 +∑
λ
λ∑
µ=−λ
α∗λµ(t)Yλµ(θ, φ)
 (2.5)
where R0 is the approximate average radius of the nucleus at zero collective amplitude,
and α∗λµ = (−1)µαλ−µ. For an octupole vibration λ = 3, and so equation 2.5 becomes
R(t) = R0 +
3∑
µ=−3
α∗3µ(t)Y3µ(θ, φ). (2.6)
The total energy of a charged nucleus, assuming a sharply-defined boundary, can be
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Figure 2.4: Monopole, dipole, quadrupole and octupole vibrations. The solid circle is, in all cases,
the average position of the nucleons, while the dashed lines show the extent of the displacement
of nuclear matter during the vibration.
expressed as the sum of its kinetic, Coulomb and surface energies:
E = T + EC + ES (2.7)
where each term is dependent on the collective amplitudes αλµ. For small collective
vibrations, treating each of the component energies separately, it is possible to show
using classical mechanics (full derivation in ref. [14], pp. 117–124) that the kinetic (T )
and potential (V = EC + ES) energies of the vibration are equal to
T =
∑
λµ
1
2Bλ|αλµ|
2 (2.8)
V =
∑
λµ
1
2Cλ|αλµ|
2 (2.9)
where Bλ, Cλ are respectively the mass parameters and stiffness coefficients, both depen-
dent on the angular momentum λ. This shows that each mode behaves as a harmonic
oscillator, including dependence on the angular momentum λ and the amplitude of the
motion αλµ. Sketches of the lowest-order collective vibrations are shown in Fig. 2.4. The
vibrations result in states with spin equal to λ and parity equal to (−1)λ (i.e. monopole
0+, dipole 1−, quadrupole 2+, octupole 3−). States also arise from multiple vibrations;
for example, the double octupole phonon leads to the Ipi = 0+, 2+, 4+, 6+ multiplet
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observed in 208Pb [22].
Collective excitations are known to couple to single-particle states, resulting in a
state with an energy similar to the sum of the two individual states. In 208Pb the lowest
excited state has an energy of 2614.5 keV and corresponds to a highly collective octupole
vibration, de-excited by a transition with strength B(E3)= 33.8(3) W.u. [3]. Meanwhile,
the lowest excited states in adjacent nuclei correspond to excitations of single particles
and holes between shell model states. This vibration is thought to arise as the result of
the collective behaviour of a number of ∆l = ∆j = 3 orbital pairs across the shell gap,
when the individual 3− excitations interact through configuration mixing.
2.1.3 Configuration mixing
Two-state mixing model
Nuclear wave functions, or configurations, are not independent of one another. States
rarely correspond to pure configurations, but rather to linear combinations of different
configurations with the same spin and parity. Interactions, V , between states of identical
spin-parity govern the degree to which configurations might be mixed between states.
This is discussed here for a pair of states in the context of shell model orbitals.
For a pair of unperturbed initial states φ1,2, interacting to give the mixed states ψ1,2,
ψ1 = αφ1 + βφ2 (2.10)
ψ2 = −βφ1 + αφ2 (2.11)
where α2 + β2 = 1. The method of solving for the energies of ψ1,2 is by diagonalising
the Hamiltonian matrix for Hψ = Eψ (the time-independent Schro¨dinger equation):
 1 − E1 V12
V12 2 − E2

 α
β
 = 0 (2.12)
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where V is the mixing interaction matrix, 1,2 are the unperturbed state energies and E1,2
are the observed level energies. The first matrix in equation 2.12 must have determinant
zero. The solution shows that the states are shifted apart by an energy ±∆Es relative
to an initial energy separation ∆Ei = |1 − 2|:
|∆Es|
∆Ei
= 12
(√
1 + 4
R2
− 1
)
(2.13)
where R is the ratio of the unperturbed energy difference to the interaction energy,
∆Ei/V . The final-state wave functions ψ1,2 are linear combinations of the unperturbed
wave functions with partial contributions α, β. If equation 2.12 is instead solved directly
for α and β this leads to the result
β = 1(
1 +
[
R
2 +
√
1 + R24
]2)1/2 . (2.14)
Therefore the greatest mixing is for degenerate states, whereby the configurations
are completely mixed and the final energy separation is twice the mixing interaction V ,
decreasing for greater unperturbed energy separation and smaller mixing interaction.
Multi-state mixing and collectivity
More than two configurations might undergo configuration mixing in a system. For n
interacting states it is necessary to solve the matrix equation

1 − E1 V12
V12 2 − E2
...
n − En


α1
α2
...
αn

= 0 (2.15)
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Figure 2.5: Effect of multistate configuration mixing on unperturbed states (left) to produce
final mixed states (right) including a low-energy coherently mixed collective state.
where the final-state wave functions ψ are linear combinations of the component con-
figurations φi with contributions αi. The treatment is equivalent to computing a series
of two-state mixing interactions one by one. Importantly, it is found that usually one
state is reduced in energy significantly by mixing while the other states each increase
slightly in energy [23] (although in some cases the collective state of interest can lie at
high energy [24]). This is shown in Fig. 2.5. The lowest state also contains coherent
contributions from each configuration (ψ1 = α1φ1 + ...+ αnφn).
This result is important in defining collective behaviour: the existence of a number
of excitations with identical spin-parity can result in an unusually low-lying excitation
containing coherent wave function contributions from each of the individual excitations.
It is collective by definition, but can be explained in terms of the individual constituent
orbitals.
2.2 Beta decay
The nucleus 207Hg lies ‘south-east’ of stability and so decays via β− emission into 207Tl.
The general equation for β− decay is
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A
ZX →AZ+1 X ′(∗) + β− + ν¯e. (2.16)
The decay equation shows the conversion of a neutron to a proton inside the nucleus;
in order to do so, it must emit an electron and an antineutrino (conserving charge
and lepton number). The product nucleus is often in an excited state: parent and
daughter nuclei are separated by energies (Q-values) of up to tens of MeV [25]. The exact
branching ratios to different states depend on selection rules outlined in the following
paragraphs.
β− decay occurs due to instability resulting from a high number of neutrons relative to
protons; it occurs in many nuclei south-east of the line of stability, and brings them closer
to stability. Observed β-decay half-lives take values across a wide range of timescales,
from milliseconds to thousands of years. In contrast, the vast majority of gamma-ray-
emitting transitions from excited states inside the nucleus have half-lives shorter than a
nanosecond and can be considered as ‘instantaneous’ by comparison.
2.2.1 Beta decay selection theory
Generally a β-decaying nucleus decays from its ground state, although it may also de-
cay from an isomeric (long-lived) state if the γ-decay lifetime is significant compared to
the β-decay lifetime. The decay populates states in the daughter nucleus with proba-
bilities dependent on the energy of the decay and on the wave functions of the parent
and daughter states. Decays are commonly classified in terms of their ‘allowedness’ and
‘forbiddenness’, characteristics which derive from the application of the laws of conser-
vation of angular momentum to β decay and which are seen to be closely linked to the
likelihood of a decay.
Fermi developed his original theory of β decay in the 1930s [26], and despite the lack
of parity consideration calculated much of the theory accepted today. Fermi’s Golden
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Rule for transition rates λ (ref. [17], p. 277) is given by
λ = 2pi
~
|Vfi|2ρ(Ef ) (2.17)
where ρ(Ef ) is the density of final states (the number of final states dn in an energy
interval dEf ), and Vfi is the matrix element relating the initial and final states ψi,f of
the system through the interaction V :
Vfi =
∫
ψ∗fV ψidv. (2.18)
The angular momenta of the three particles in the decay must be considered. The
change in total spin of the nucleus, from Ii to If , must be accounted for by the orbital
and spin angular momenta, L and S respectively, of the outgoing electron and neutrino.
Ii = If +L+ S (2.19)
Fermi’s solution is to give free-particle wave functions to the electron and neutrino:
ψe,ν(r) ∝ eipe,ν ·r/~ (2.20)
eip·r/~ = 1 + ip · r
~
− 12
(
p · r
~
)2
+ · · · ≈ 1 (2.21)
where for a 1 MeV electron pr  1, and so equation 2.20 may be simplified with 2.21.
The ‘allowed’ approximation (|p| = 0) dominates, supporting Fermi’s original condition
that the interaction occurs at the centre of the nucleus, meaning that the electron and
neutrino cannot transfer angular momentum (L = 0).
In the allowed approximation, from equation 2.19, it is apparent that S, the vector
sum of the outgoing spins s = 12 , must account for the change in nuclear spin. In a Fermi
decay the electron and neutrino spins are anti-parallel and S = 0, while in a Gamow-
18
Table 2.1: Degrees of allowedness and forbiddenness in β decay and the corresponding permitted
spin and parity changes.
Character Spin-parity change
allowed ∆I = 0,±1, ∆pi =no
first-forbidden ∆I = 0,±1,±2, ∆pi =yes
second-forbidden ∆I = ±2,±3, ∆pi =no
... ...
Teller decay the spins are parallel and S = ±1. So for an allowed transition ∆I = 0,±1
and ∆pi = no (because L = 0, recalling that pi = (−1)L).
Although allowed transitions dominate, they do not account for all observed transi-
tions. Non-zero values of L are permitted: these are labelled ‘forbidden’ transitions, and
the value of L for a transition indicates the degree of forbiddenness. The greater the
value of L, the more suppressed the transition. The rules for classification of transitions
are stated in Table 2.1. Further to these rules, forbidden transitions with maximum spin
change (i.e. 2−, 3+, 4− β decays) are termed ‘unique’ [27], and are suppressed further
than other transitions of the same forbiddenness.
2.2.2 The radial quantum number n
Further to the commonly understood selection rules listed in Section 2.2.1, there also
exists a rule for the radial quantum number n. This states that in an allowed transition
(L = 0) a change in the value of n is not permitted (ref. [28], p. 166).
In β decay a nucleon transitions between between a neutron orbital and a proton
orbital. Usually this involves the crossing of at most one major shell gap, and so a
change in n combined with no change in l is unlikely. However, for heavy nuclei and
particularly for neutron-rich nuclei, decays crossing multiple major shell gaps can contain
components which would violate the ∆n = 0 rule. In these rare cases, the β-decay
19
branching through an otherwise allowed transition is heavily suppressed. Where this
transition would be otherwise significant, the overall decay half-life is lengthened as a
direct result of the selection rule. It is therefore important to give consideration to this
effect in neutron-rich nuclei where it might otherwise be overlooked; especially given
that these nuclei may lie in proximity to r-process astrophysical pathways, for which
β-decay half-lives are of great importance.
2.2.3 Use of ft in β decay
For an allowed transition the partial decay rate, in terms of outgoing electron and neu-
trino momenta p and q respectively, is represented (ref. [17] p. 279) by
dλ = g
2
V
2pi3~7 |Mfi|
2p2q2 dp dqdEf
(2.22)
where Mfi is the nuclear matrix element, Ef is the total decay energy, and gV is the
weak vector coupling constant [17], related to the W-boson coupling constant gW (β
decay is a charged-current process). Because Eν = qc and Te +Eν = Q (where Q is the
decay energy), dqdEf = 1/c for a given electron energy. Equation 2.22 can then be used
to show that the electron momentum distribution Ne(p) has the form
Ne(p) =
C
c2
p2(Q− Te)2 (2.23)
where C is a constant containing all non-momentum factors on the right-hand-side of
equation 2.22 (including |Mfi|, which is assumed to be independent of the electron
momentum). Equation 2.23 is closely related to the shape of the β-decay electron energy
spectrum, with a distribution of non-zero energies between Te = 0 and Te = Q.
To complete the description, equation 2.22 is expanded. The Fermi function F (Z ′, p)
(where Z ′ is the daughter atomic number) accounts for the influence of the nuclear
Coulomb field on the outgoing electron or positron. This leads to a total decay rate,
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integrating over all possible electron momenta, of
λ = g
2
V |Mfi|2
2pi3~7c3
∫ pmax
0
F (Z ′, p)(Q− Te)2p2 dp (2.24)
which can be further simplified using the Fermi integral
f(Z ′, Q) = 1(mec)3(mec2)2
∫ pmax
0
F (Z ′, p)(Q− Te)2p2 dp (2.25)
where the denominator m5ec7 is included in order to make f(Z ′, Q) dimensionless.
The result is an equation for the quantity f0t for allowed transitions, where t = ln 2λ .
This is usually expressed logarithmically because of its wide range of values.
ft = 2pi
3~7 ln 2
g2Vm
5
ec
4|Mfi|2 (2.26)
The relation between ft and |Mfi| means that log10 ft (referred to as log ft from now
on), for a particular daughter state, is an expression of the population of that state by
the parent. Its calculation requires only the identity of the decaying nucleus, the β-decay
branching ratio to the daughter state, the energies of the parent and daughter states,
and the half-life and Q-value of the β decay.
The value of logft has been determined for many β decays such that empirical plots
exist, shown in Fig. 2.6, which show distinct log ft distributions at different levels of
allowedness and forbiddenness. This information can be used to infer character, and
hence spin-parity, from a log ft result. For example, a result log ft = 4.0 would indicate
that the transition is allowed, while a result log ft = 10.0 would suggest that it is first-
or second-forbidden. While it is not necessarily possible to assert a definite character to
a decay from its log ft value, if the spin-parity of one of the states involved is known,
this approach can restrict the possible spin-parities of the other with a good degree of
reliability.
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Figure 2.6: Experimental data for a large number of well-known beta decays, compiling measured
log ft values and grouping by the character of the decay. Adapted from ref. [29].
2.2.4 Use of ft in allowed Gamow-Teller β-decay
Expanding equation 2.26 for an allowed decay leads to a simplified equation relating
the ft value of a decay to the reduced transition matrix elements combining the initial
and final states ψi and ψf . While a Fermi component to |Mfi| is present, a factor δTiTf
(where T is isospin) means that it can be ignored for any decay far from N = Z. As a
result, Fermi and Gamow-Teller decays away from N = Z have log ft values dependent
only on the Gamow-Teller matrix element.
First the equality D = 2pi3~7 ln 2
g2Vm
5
ec
4 = 6147 s is used [27,28], and then the matrix element
Mfi(GT) is expanded. It can then be shown (ref. [27], p. 411) that
ft = 6147
1.62 12Ii+1 |〈ψf ||
∑
k τ±(k)σ(k)||ψi〉|2
. (2.27)
Here τ± is the isospin operator converting between protons and neutrons, and σ is a
Pauli spin matrix (rank λ=1 for an allowed Gamow-Teller transition). The factor 1.62
comes from g2A/g2V = 1.2732 = 1.62 [30, 31]. Using the Wigner-Eckart theorem (ref. [27]
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p. 82) leads to
〈ψnf lf jf ||τ±σ||ψniliji〉〈jimiλµλ|jfmf 〉 = jˆf 〈ψnf lf jfmf |τ±σµ|ψnilijimi〉 (2.28)
where the four terms from left to right represent: the reduced β-decay transition matrix
element linking initial and final states; a Clebsch-Gordan coefficient [32] containing the
tensor rank λ=1; jˆf (where the notation xˆ =
√
2x+ 1 is used); and the matrix element
connecting substates of the initial and final states. This final term may be simplified by
expanding the wavefunctions as follows.
ψnljmτ (~r) =
∑
µa
〈 l µ 12 a | j m 〉 × ψnlj(r)× Ylµ(~r)× χ 12a × χ 12 τ (2.29)
The initial and final wavefunctions are each the product of the summed set of Clebsch-
Gordan coefficients, the spherically symmetric wavefunction ψ(r), the spherical depen-
dence Y (~r) and the spin and isospin functions χ. The orthogonality of the spherical
harmonics can be used to show that
∫
drˆ Ylfµf (~r) Yliµi(~r) = δlilf δµiµf . The isospin
functions χ 1
2 τ
also cancel to unity when τ± is applied. The matrix element becomes
〈ψnf lf jfmf |τ±σµ|ψnilijimi〉 =
∑
aiafµi
〈 li µi 12 ai | ji mi 〉
× 〈 lf µi 12 af | jf mf 〉 Clebsch-Gordan
× 〈 12 af | ~σµ |
1
2 ai 〉 spin operator
× δlilf ×
∫ ∞
0
ψniliji(r) ψnf lf jf (r) r2 dr overlap integral
⇒ 〈ψnf lf jfmf | τ±σµ |ψnilijimi〉 = C ×
∫ ∞
0
ψniliji(r) ψnf lf jf (r) r2 dr (2.30)
where C is the normalisation constant containing l, ji,f ,mi,f and µ (l=li=lf due to δlilf ).
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Using the Wigner-Eckart theorem on the spin operator term gives
C =
∑
aiafµi
〈 l µi 12 ai | ji mi 〉〈 l µi
1
2 af | jf mf 〉 ×
1√
2
〈 12 ai λ µλ |
1
2 af 〉〈
1
2 || σ ||
1
2 〉
(2.31)
where the final spin matrix term is equal to
√
6 (see ref. [33]). Rearranging and summing
coefficients using known relations [33] leads to the result
C =
√
6 jˆi W (λ, 1/2, jf , l; 1/2, ji) 〈 ji mi λ µλ | jf mf 〉 (2.32)
which includes the Racah coefficient W [34]. This can be combined with equations 2.28
and 2.30, cancelling Clebsch-Gordan coefficients and giving the final equation for the
reduced matrix element,
〈ψnf lf jf ||τ±σ||ψniliji〉 =
√
6 jˆi jˆf W (λ, 1/2, jf , l; 1/2, ji)
∫ ∞
0
ψniliji(r) ψnf lf jf (r) r2 dr.
(2.33)
Consequently, by combining knowledge of the wave functions of the initial and final
states with equations 2.27 and 2.33, the ft value of the decay can be calculated.
2.3 Gamma decay
A transition between states within the same nucleus does not change the number of
protons or neutrons in the nucleus, but does require energy emission. This usually takes
the form of emitted gamma-ray photons, γ, with energies ranging from tens of keV up
to several MeV.
2.3.1 Strengths and multipolarities
The likelihood of a gamma-ray transition between two states depends on the spin-parities
of the initial and final states and their separation in energy. A larger energy change
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minimises the final energy of the system and so leads to greater transition probability.
Smaller spin change is generally preferred, described in more detail in the following.
It is necessary to consider the multipole field of the nuclear charge distribution in
the initial and final states. The spatial reversal r to −r gives different results for the
electric and magnetic dipoles. In the electric case, the direction of the magnetic field B
reverses while the electric field vector E remains unchanged, but in the magnetic case
the opposite happens. From this it is inferred that for a given multipolarity, the parities
pi of the electric and magnetic transitions are opposite. This is extended to the general
result
pi(EL) = (−1)L (2.34)
pi(ML) = (−1)L+1 (2.35)
where L is re-introduced as the multipole order of the radiation. L = 0 corresponds to
monopole radiation, L = 1 dipole, L = 2 quadrupole and L = 3 octupole. Since Lγ > 0
as a rule, monopole gamma-ray emission is not possible.
The general equation for power emitted in the multipole radiation field (ref. [17] p.
331) is
P = 2(L+ 1)c
0L [(2L+ 1)!!]2
(
ω
c
)2L+2
mfi(σL)2 (2.36)
where (2L + 1)!! = (2L + 1)× (2L− 1)× ...× 3× 1. The multipole moment, mfi(σL),
contains the dependence on multipolarity σL. It is an element of the general multipole
operator m(σL). For a transition between initial and final states ψi,f ,
mfi(σL) =
∫
ψ∗f m(σL) ψi dv. (2.37)
The matrix element can be evaluated by assuming that the initial and final wave-
functions become zero outside the nuclear radius R. For an electric transition involving
a single proton transitioning between well-defined shell model states, m(σL) varies as
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erLYLM (θ, φ). Ignoring angular dependence with a reasonable degree of accuracy,
∫ R
0 r
2rLdr∫ R
0 r
2dr
= 3
L+ 3R
L (2.38)
where the factor r2 in the numerator derives from the volume element and the denomina-
tor exists for normalisation. Finally, by recalling that the transition rate is the radiated
power P divided by the energy per photon E = ~ω, an estimate for the transition rate
λ is obtained by combining equations 2.36 and 2.38. This is known as the Weisskopf
estimate.
λ(EL) = 8pi(L+ 1)
L[(2L+ 1)!!]2
e2
4pi0~c
(
E
~c
)2L+1 ( 3
L+ 3
)2
cR2L (2.39)
For an analogous magnetic transition the treatment is almost the same. This time
the multipole operator contains a factor dependent on rL−1 rather than rL, and also
contains a factor
(
µp − 1L+1
)2 ( ~
mpc
)2
dependent upon the nuclear magnetic moment of
the proton.
λ(ML) = 8pi(L+ 1)
L[(2L+ 1)!!]2
(
µp − 1
L+ 1
)2( ~
mpc
)2
e2
4pi0~c
(
E
~c
)2L+1 ( 3
L+ 2
)2
cR2L−2
(2.40)
Using the liquid drop assumption R = R0 × A1/3 these equations are simplified in
Table 2.2 and shown in Fig. 2.7. The Weisskopf estimates are useful because they
represent ideal single-proton behaviour. Measured deviation from, or agreement with,
these values gives information on the single-particle nature of the transition.
2.3.2 Lifetimes of excited states
Transition probabilities are directly related to decay lifetimes: the less probable a tran-
sition, the longer its lifetime. Fig. 2.7 gives Weisskopf half-life estimates for different
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Figure 2.7: Weisskopf half-life estimates for lowest four electric and magnetic multipolarities,
calculated for A = 207 nuclei. Here energy E is in units of MeV. See ref. [10].
gamma-ray multipolarities. This indicates that low-multipolarity transitions should have
short half-lives. Higher multipolarities, smaller transition energies and weaker transition
strengths lengthen the lifetime of a transition. The majority of nuclear states are able to
decay via L ≤ 2 transitions and so decay ‘instantaneously’, but in some cases – particu-
larly when a high-spin excited state lies low in the level scheme, and/or when levels lie
close together in energy – the most probable decay transition from a state has a half-life
of nanoseconds or longer. These states are termed isomeric. In 207Tl an isomeric state
occurs at 1348 keV with T1/2 = 1.3 s [4] because it decays only via M4 and E5 transitions.
2.3.3 Transition strengths
Every gamma-ray transition may be assigned a transition strength B(σL). The transi-
tion strength is related to the probability of an individual decay and so is reflected in
branching ratios. It may be interpreted as a measure of the degree to which a decay
of a given multipolarity is favoured. The transition strength is measured in units of
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Table 2.2: Weisskopf single-particle transition rate estimates [35]. Energies E in units of MeV.
σL λ (s−1) σL λ (s−1)
E1 1.0× 1014A2/3E3 M1 5.6× 1013E3
E2 7.3× 107A4/3E5 M2 3.5× 107A2/3E5
E3 3.4× 101A2E7 M3 1.6× 101A4/3E7
E4 1.1× 10−5A8/3E9 M4 4.5× 10−6A2E9
Table 2.3: Empirical rough upper limits on the values of B(σL) for the lowest six multipolarities,
from ref. [10].
B(σL)(W.u.) = T1/2(W.u.)/T1/2(exp.),
σL Recommended upper limit for A > 150 nuclei
E1 0.01
E2 1000
E3 100
M1 2
M2 1
M3 10
e2(fm)2L for electric and µ2N (fm)2L−2 for magnetic transitions. However, it may also
be expressed in terms of the Weisskopf strength estimates from equations 2.39 and 2.40
and presented in Weisskopf units (W.u.). Weisskopf units are useful for assessing the
strengths of transitions of a given multipolarity in a nucleus relative to the predicted
single-particle behaviour, and can clarify trends which can be linked to other charac-
teristics of the nucleus. In addition, rough empirical limits on B(σL)/W.u. exist for
different mass regions (Table 2.3).
Using the 208Pb region as an example, a high value of B(E2) would indicate collec-
tive enhancement of E2 transitions in the nucleus. This can be linked to quadrupole
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deformation. Since doubly-closed shells are on the whole spherical, B(E2) . 1 for tran-
sitions in nuclei close to 208Pb. Similarly, in 208Pb the 2615 keV octupole transition has
an established strength of B(E3) = 33.8(6) W. u. [3]. This suggests highly collective
octupole behaviour. Corresponding collective E3 transitions in adjacent single-particle
nuclei have strengths of the same order of magnitude [36,37].
Calculation of exact Weisskopf single-particle strengths requires a knowledge of the
rate, or lifetime, of the decay. Often this is not feasible. The relative rates, however, for
multiple transitions de-populating the same level can be calculated by comparing their
intensities. As a result, if it is possible to make an assumption for the single-particle
strength of one transition (for example, by using trends observed in similar nuclei), the
strengths of other transitions de-populating the same state may be deduced.
2.3.4 Transition multipolarity selection rules
In gamma decay the outgoing radiation carries away a spin and parity, Jpi, corresponding
to the spin and parity change between the two states involved. The multipolarity of the
transition may be mixed; that is, it may contain several different multipolarities with
different amplitudes. Since Ii = If +J , the magnitude of J may take any of the integer
values between |Ii − If | and |Ii + If |. The parity of the radiation is equal to the parity
change of the transition (i.e. even if no parity change between states and odd if parity
changes). Finally, the rule of equations 2.34 and 2.35 determines whether a component
is of electric or magnetic nature. This is summarised in Table 2.4.
As an example, for a transition from a 72
+ state to a 32
− state, J can take the values
2, 3, 4 and 5. The parity changes, so this is a mixed M2+E3 transition. The lowest
multipolarity (e.g. M2 for this example) will generally dominate in a transition. Higher
multipolarities (E3, M4, ...) represent a progressively smaller proportion of the radiation
to the extent that only the lowest two need be considered in almost all cases. The level
of mixing can be represented by the multipole mixing ratio, δ, equal to the square root
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Table 2.4: Parity change for a given transition multipolarity. L = 0 gamma rays are not possible,
although the transition may still proceed through other means.
σL ∆pi ? σL ∆pi ?
E0 no M0 yes
E1 yes M1 no
E2 no M2 yes
E3 yes M3 no
E4 no M4 yes
of the ratio between the mixed and primary multipolarities. It can have a positive or
negative value.
δ2 =
I ′γ(σ′L′)
Iγ(σL)
(2.41)
A photon carries an integer spin which must be greater than 0~. As a result there is
no E0 or M0 radiation. Transitions between two levels of the same spin emit mixed L = 1
and L = 2 radiation. The exception is for transitions between J = 0 states, which cannot
be arranged in vector space in a way which allows the transfer of angular momentum in
the decay, hence forbidding gamma-ray transitions. These may only take place through
internal electron conversion, multiple γ decay or internal pair formation [38].
2.3.5 Internal electron conversion
Internal conversion is a competing electromagnetic decay mode to γ emission. Rather
than reduce its energy by emitting a photon, the nuclear radiation field interacts with,
and expels, an atomic electron with kinetic energy equal to the transition energy minus
the separation energy of the electron. It is followed immediately by atomic x-ray or
Auger electron emission, as the vacant electron orbital is filled by an electron of higher
energy. Internal conversion is accounted for by the conversion coefficient, α = Ie/Iγ .
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The phenomenon depends on the proton number of the nucleus in question and the
multipolarity and energy of the transition.
α(EL) = Z
3
n3
L
L+ 1α
4
fs
(
2mec2
E
)L+5/2
(2.42)
α(ML) = Z
3
n3
α4fs
(
2mec2
E
)L+3/2
(2.43)
Equations 2.42 and 2.43 (ref. [39] p. 345) give non-relativistic estimates for the
conversion coefficient, where αfs is the fine structure constant (equal to roughly 1137)
and n is the quantum number of the bound atomic electron; the full value of α requires
summation over all electrons involved. The associated curves (for a Z=80 nucleus)
are shown in Fig. 2.8. These equations show that the effect is stronger for heavier
nuclei, low-energy transitions, magnetic multipolarities and high multipolarities. Its
significance in gamma-ray spectroscopy is to reduce the expected γ counts for every
transition by a factor which is related to the multipolarity of the transition. To correct
for the conversion effect, the observed gamma-ray intensity is multiplied by a factor
(1 + α): Itot = Iγ + Ie = Iγ(1 + α).
Inability to distinguish between converted electrons and electrons from β decay can
limit the ability to detect the conversion electrons directly. However, the effect can also
be observed by considering the missing γ transition intensity resulting from conversion.
This is achieved using triple-γ cascades as follows.
For a non-isomeric cascade γ1–γ2–γ3 as shown in Fig. 2.9, gating upon γ1 gives γ2 and
γ3 in coincidence. If the branching ratios of γ2 and γ3 are 100% and electron conversion is
negligible for both, the efficiency-corrected intensities I(γ2) and I(γ3) are equal, because
every γ2 emission should lead to a γ3 emission. Where the γ3 branching ratio is less
than 100% this can be accounted for (by B.R. in equations 2.44 and 2.45). Where the γ2
branching ratio is less than 100% and there are alternative paths which feed γ3, this may
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Figure 2.8: Total internal conversion coefficient for different multipolarities in a Z = 80 nucleus,
with respect to energy. The staggering in the curves results from the ability, at higher energies,
to remove electrons from more tightly-bound atomic shells. From ref. [10].
also be corrected by subtracting the coincident intensities of these alternative feeding
transitions γX . Therefore, after these corrections, if the intensity of I(γ2) is different to
I(γ3), then the missing intensity must be explained by electron conversion.
I(γ2)(1 + α(γ2))× B.R.(γ3) = I(γ3)(1 + α(γ3)) (2.44)
α(γ3) =
I(γ2)
I(γ3)
× (1 + α(γ2))× B.R.(γ3)− 1 (2.45)
Calculation of the electron conversion coefficient can be a powerful method of deduc-
ing multipolarity, and hence spin-parity. In addition, if performed precisely, it could be
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γ1
γ2
γ3
γX
γn
Figure 2.9: Example triple-gamma cascade for measurement of electron conversion coefficient
using triple coincidence. γX accounts for all alternative decay paths parallel to γ2, and γn
accounts for all depopulating branches other than γ3.
used to infer multipolarity mixing ratios.
2.3.6 Angular correlations of successive gamma rays
Gamma-ray angular distributions in nuclear structure
Usually in gamma-ray spectroscopy the angular emission probability of a particular
gamma-ray transition from unpolarised nuclei is assumed to have a spherical distribu-
tion. However, the complete picture is not so trivial: the overall spherical (isotropic)
distribution is the summation of several non-isotropic decays.
A nuclear state with spin J has 2J + 1 magnetic substates, corresponding to mJ =
−J,−J + 1, ..., J . In the absence of a strong magnetic field, these substates are degen-
erate; they are still individually populated, but are effectively one state. Importantly,
a gamma-ray transition from one of these substates to a different nuclear substate will
have a non-spherical angular emission probability. As an example, for a 1+ → 0+ de-
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cay, the (mi = 0) → (mf = 0) transition has the angular dependence sin2 θ while the
(mi = ±1) → (mf = 0) transitions have the angular dependence 12(1 + cos2 θ). When
these contributions are summed, for a randomly oriented group of nuclei, this gives the
overall angular intensity
W (θ) ∼ 12(1 + cos
2 θ) + sin2 θ + 12(1 + cos
2 θ) = (1 + sin2 θ + cos2 θ) ∼ 1 (2.46)
i.e. there is no angular dependence and the emission distribution is spherical. If partic-
ular substates can be selectively populated then the contributions in the equation above
will not be equal, and some angular dependence may emerge.
One method of achieving this selective population requires separating the levels in
energy with a strong magnetic field and cooling the nuclei, forcing unequal substate
population according to the Boltzmann distribution. The extreme conditions required
for the phenomenon to be detectable restrict the use of this method to specialist set-ups.
Another method is to orient the nuclei and measure angular distributions.
It is also possible to exploit the ‘orientation’ of nuclei using a previous gamma-ray
transition. In a cascade of two coincident gamma rays the nuclear orientation is consis-
tent between transitions. Defining the angle of emission of γ1 as θ = 0◦, the angle of
emission of γ2 is measured relative to this. When summing the contributions of cascades
through different magnetic substates, the intensity of the second transition varies with
angle relative to the first transition. The shape of this variation is defined by the spins
and multipolarities involved in the cascade.
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Calculation of angular correlation coefficients
The angular distribution W (θ) is well-described in quantum mechanics. Here it is com-
puted for a gamma-ray coincidence
I1
L1,L′1−−−→ I2 L2,L
′
2−−−→ I3
where L is a multipolarity, I is a level spin, and L′1(= L1 + 1) and L′2(= L2 + 1) are
secondary mixed multipolarities. δ is the multipole mixing ratio as defined in equation
2.41. Given such a decay, the relative angular intensity distribution of one of the emitted
gamma rays relative to the other is
W (θ) =
kmax∑
even k
AkPk(cos θ) (2.47)
where k is an even integer for which kmax = min.(I2, L1 +L′1, L2 +L′2). Generally k ≤ 4,
and equation 2.47 simplifies to
W (θ) = 1 +A2P2(cos θ) +A4P4(cos θ) (2.48)
where θ is the angle between the two photons, W (θ) is the relative intensity of the
second photon at a given γ–γ angle and P2(x), P4(x) are the Legendre polynomials:
P2(x) = 12(3x2− 1) and P4(x) = 18(35x4− 30x2 + 3). The coefficient A0 is absorbed into
the other A-coefficients as the distribution is normalised.
The coefficients A2, A4 in equation 2.48 are dependent on the spins of the levels and
the multipolarities of the transitions involved. These are calculated using the following
equation [40]:
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Ak =
1
1 + δ21
(
Fk(L1L1I1I2) + (−1)L1−L1′ 2δ1Fk(L1L′1I1I2) + δ21Fk(L′1L′1I1I2)
)
× 11 + δ22
(
Fk(L2L2I3I2) + 2δ2Fk(L2L′2I3I2) + δ22Fk(L′2L′2I3I2)
)
.
(2.49)
The F -coefficients are derived from the Clebsch-Gordan and Racah (W ) coefficients
as described by equation 2.50 [41].
Fk(LL′j1j) = (−1)j1−j−1
√
(2L+ 1)(2L′ + 1)(2j + 1)×〈 L L′ 1−1 | k 0 〉×W (j, j, L, L′; k, j1)
(2.50)
The Clebsch-Gordan and Racah coefficients are tabulated sets of coefficients [32, 34]
from quantum mechanical descriptions of angular momentum.
The equations above demonstrate that angular correlations depend only upon the
spins of the levels, and the multipolarities of the transitions, in a three-level cascade.
In situations where several of these values are already established, angular correlation
analysis is hence a powerful tool for deriving spins and multipolarities.
Solid angle correction factors
The A-coefficients must also be corrected for the finite solid angle of the detectors. If
the detectors cover a finite angular range, each data point will sample a range of angles.
This reduces the strength of observed variations and is known as angular spreading. As a
result, experimentally, Ak,exp = Ak×Qk. This Qk is the solid angle correction factor for
both detectors involved, with a value between 0 and 1; the less point-like the detectors,
the smaller the value of Qk. The spreading effect is greater for higher k.
In specialist arrays, a large number of detectors each with a relatively small solid angle
minimises this effect. The comparatively poor granularity of the IDS setup therefore
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makes it less suitable for angular correlation studies. From Rose’s geometrical integration
method [39,42,43],
Ak = Ak,exp/Qk (2.51)
Qk = Qk(γ1)×Qk(γ2). (2.52)
The factors Qk(γ) may be calculated from the J-integrals,
Qk(γ) = Jk(γ)/J0(γ) (2.53)
Jk(γ) =
∫
Pk(cosβ)× (1− eτ(γ)x(β))× sin βdβ (2.54)
where Pk is a Legendre polynomial, τ(γ) is the gamma-ray absorption coefficient of the
detector material, β is the angle between the photon path and detector axis, and x(β)
is the path length of the photon through the active detector volume.
2.4 Detecting radiation
2.4.1 Detection of β particles with plastic scintillators
Electrons from β decay may be detected by scintillation in a detector. This is the produc-
tion of photons by the interaction of the initial high-energy electron with a scintillating
material, followed by the amplification of the photon signal by use of a photomultiplier
tube (PMT).
For the electron to transfer its energy in as few interactions as possible a material of
lower atomic number is required for the scintillator; high mass leads to more electron
back-scattering and Bremsstrahlung radiation. Iodide crystal detectors such as NaI(Tl)
have previously been used, but plastic scintillators show a marked decrease in electron
back-scattering [44], as well as easy moulding, and so are preferred. These plastics consist
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Figure 2.10: Scintillator-PMT schematic. (a) Interaction of β particle with plastic produces
visible photons. (b) One photon strikes the photocathode of the PMT, producing an electron.
(c) An electromagnetic lens focuses this electron onto the first dynode. (d) The series of dynodes
multiplies the electron into many millions, creating an avalanche. (e) The electronic pulse is sent
to the receiving electronics.
of an aromatic base polymer which scintillates with a low yield. The base is combined
with a second hydrocarbon ‘fluor’: this material is able to convert the low-yield, highly-
attenuated ultraviolet scintillation photons into longer-wavelength visible light, meaning
that it can pass through the clear plastic.
After the photons have been created these must be converted into an electrical signal,
illustrated in Fig. 2.10. The scintillator is coupled to one or more PMTs. The PMT uses
a photoelectric cathode followed by a series of electrodes (‘dynodes’) at incrementally
increasing voltage to first produce, and then multiply, an avalanche of electrons inside
the vaccuum tube. This is then extracted as a detectable electronic signal.
2.4.2 Detection of gamma-ray photons with germanium
Detection using high-purity germanium
Semiconductors are the detector material of choice for gamma-ray photons due to their
high energy resolution. Semiconductor detectors require a depletion region: a volume
in which charge carriers are not present in the conduction band of the semiconductor
atoms. An incoming photon may excite an electron in this region from the valence
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band to the conduction band, leaving behind a ‘hole’ of relative positive charge. In the
presence of a strong electric field the electron and hole are separated and drift to the
electric contacts, generating a current. Gamma rays can create many electron-hole pairs
– in quantities proportional to the energy deposited – producing an electronic signal
which can be amplified and detected.
The depletion layer at the surface of a semiconductor has a thickness dictated by
equation 2.55 [45].
d =
(2V
eN
)1/2
(2.55)
The thickness d of the layer is increased by applying a stronger electric field potential
V ; however, this is limited by the breakdown of the semiconducting material. Hence
reducing the impurity concentration N of the material is an effective way of increasing
the proportion of the detector which is depleted. This is best achieved using germanium.
Germanium crystals may be purified by a melting process known as zone refining:
a cylindrical crystal is rotated on its axis as a cross-section is melted. The melt is
transferred down its axis and carries impurities with it. When this method is repeated
several times the impurities collect at one end of the crystal. The rest of the crystal has
impurity concentration of fewer than one part per billion and a depletion thickness of
several centimetres, and is termed high-purity germanium (HPGe).
A previous method, by which floated lithium donor atoms were used to cancel the
effect of residual acceptor atoms, produced Ge(Li) detectors which possess largely the
same characteristics as HPGe. Ge(Li) crystals must be cooled throughout their entire
lifetimes to retain their characteristics whereas HPGe detectors may be warmed to room
temperature when not in use.
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Figure 2.11: The basic planar (L) and coaxial (R) configurations complete with bias voltage.
In reality the bulk detector material will be pi- or ν-type, and this will determine which of the
electric contacts will be p+ and which will be n+.
Crystal geometry
Once a material is selected it is important to consider the geometry of the detector.
Two possible arrangements, planar and coaxial, are depicted in Fig. 2.11 [45]. A planar
configuration is a disk of germanium several centimetres thick, sandwiched between an
n+ and a p+ layer. Although this gives a roughly uniform electric field inside the detector
for charge collection, the crystal diameter size and charge carrier depletion depth limit
the possible active volume this configuration can possess. The coaxial configuration, on
the other hand, extends further in the axial direction allowing a larger active volume,
making it the preferred HPGe crystal shape.
A closed coaxial geometry is also possible, in which the core does not extend to the
end of the cylinder on one side. This maximises the active detector volume with minimal
impact on the charge collection efficiency.
Cooling
Metals and semi-metals have no bandgap and so electrons have a finite probability of
existing in the conduction band at absolute zero temperature. Conversely, insulators
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have a large bandgap of several electron volts or more in width, meaning that it is
difficult to excite electrons to the conduction band. Semiconductors are defined by their
small bandgap which makes it possible to create electron-hole pairs in a gamma-ray
interaction, but also allows for electrons to be thermally excited into the conduction
band. In any material, the probability per unit time for an electron-hole pair to be
thermally generated is
p(T ) = CT 3/2e−Eg/kT (2.56)
where C is a material-dependent proportionality constant, T is the absolute tempera-
ture, Eg is the energy of the bandgap and k is the Boltzmann constant [45]. The 0.7 eV
bandgap central to the operation of a germanium crystal is small enough that thermal
noise at room temperature would prevent useful operation. Cooling of the crystal to
low temperatures – below 100 K – is required to sufficiently reduce this effect. Liquid
nitrogen is an abundant coolant often used in gamma-ray spectroscopy experiments.
In a typical arrangement a vacuum-sealed cryostat is fixed behind the crystals in
a detector. The coolant is in thermal contact with the rear ends of the crystals, and
possibly also with the edges between the crystals. The crystal temperature remains
between 80 and 100 K.
Pulse formation
The collection of electrons and holes produced in a gamma-ray interaction is performed
by an applied electric field. The two charge carriers possess equal effective mass and
charge magnitude and so have similar collection times (as opposed to an ionisation
detector in which ion mass plays a role). A strong field is required in order to bias the
detector material and collect charge as quickly as possible, but is also limited by the
breakdown condition of the germanium (to 3 kV in this experiment). At this saturated
drift velocity, charge carriers only move at a rate of 100 ns cm−1 [45]. This limits the time
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resolution of HPGe detectors, making them unsuitable for fast-timing measurements on
the order of single nanoseconds.
The signal pulse leaving the detector after a gamma-ray energy deposition will have a
leading edge shape somewhat dependent upon the radial position of the interaction inside
the crystal (see ref. [45] p. 423), and a tail with a decay constant corresponding to the
time constant RC of the detector circuitry. External acquisition electronics discern real
signals from background noise. For gamma-ray spectroscopy it is necessary to extract
the amplitude of the pulse and convert this to a digital value proportional to the original
total energy deposition. At the ISOLDE Decay Station the MIDAS software allows users
to optimise the parameters of the analog-to-digital conversion.
The resultant binned spectrum contains Gaussian peaks centred on channel numbers
approximately proportional to the energy deposited in the detector. Once calibrated to
correspond to real energies the peaks have resolutions between roughly 1 and 10 keV.
This resolution is significantly better than most alternative detector materials and is an
advantage of using germanium as a detector material for gamma rays.
Interaction of gamma-ray photons with matter
There are three ways in which a gamma-ray might interact with a solid medium: the
photoelectric effect, Compton scattering, and pair production. These each dominate in
different photon energy regimes.
Photoelectric effect: The photoelectric effect is the interaction of an incoming
photon with an atom leading to the complete absorption of the photon energy Eγ and the
expulsion of an atomic electron with an energy Ee = Eγ −Eb, where Eb is the electron’s
binding energy. The effect is prevalent at lower energies, becoming less important at
photon energies greater than a few hundred keV, and is more prevalent the greater
the atomic mass of the material. It is followed by x-ray emission resulting from de-
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excitation of other atomic electrons to fill the inner vacancy. Most often (around 80%
of the time [21]) a K-shell electron is removed.
Compton scattering and add-back: Compton scattering is the inelastic scattering
of an incident gamma-ray photon with an atomic electron. Of the three basic types
of photon interaction inside a detecting material – photoelectric absorption, Compton
scattering and pair production – the Compton effect is dominant in germanium in the
energy region of interest (0.1 to 4 MeV) [39]. The Compton effect reduces the energy of
the photon and deposits a portion of its energy in the detector, after which the photon
may go on to be fully absorbed, to scatter again or to escape the detector. In the resulting
gamma-ray spectrum, the full energy peak is reduced in intensity and the background
level at lower energies is increased.
Evaluated in terms of conservation of momentum, for an incoming photon of energy
Eγ scattering on a stationary electron and departing at an angle θ relative to its original
path, the final photon energy is
E′γ =
Eγ
1 + (Eγ/mec2)(1− cosθ) . (2.57)
A maximum scattering angle of θ = 180◦ leads to a maximum Compton energy of
Eγ/(1 + 2Eγmc2 ). This is known as the Compton edge and represents the distinctive upper
endpoint of the Compton continuum in the energy spectrum.
To reduce the problem of Compton scattering, add-back correction is implemented.
Where two signals are received in adjacent detector crystals in coincidence with one
another, the energies are summed. This increases efficiency at higher energies. A minor
drawback is that the strongest coincident peaks in the spectrum may be summed, leading
to false peaks with energies equal to the sum of the two full-energy peaks.
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Pair production: A photon with energy Eγ greater than twice the rest mass of the
electron (2 × 0.511 MeV) may, in the presence of the electric field of a nucleus in the
detecting material, interact to produce an electron-positron pair. Excess photon energy
(above 1.022 MeV) is carried away by the electron and positron as kinetic energy. The
positron annihilates with an atomic electron, producing two 511 keV photons. Therefore
if one or both of these photons escapes the material without being detected, energy is lost
from the original Eγ . This leads to two additional peaks in the gamma-ray spectrum,
at energies (Eγ − 0.511) MeV and (Eγ − 1.022) MeV. The effect is more significant at
higher energies and above 5 MeV it dominates over the Compton effect.
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Chapter 3
Scientific Motivation
3.1 Region near the doubly magic 208Pb nucleus
As the heaviest known stable doubly-magic nucleus, 208Pb has been studied in great
detail. Its closed neutron (N = 126) and proton (Z = 82) shells result, as predicted
by the shell model, in a spherical shape verified by an absence of low-energy rotational
states [3]. Particle excitations across these closed shells are energetically difficult, such
that there are no particle-hole states in the level scheme below 3 MeV, as shown in Fig.
3.1. The first non-collective states in 208Pb are 4− and 5− states resulting from the
lowest-energy particle-hole excitations across the shell gap, most notably the νg9/2p−11/2
excitation [3].
3.1.1 Octupole coupling around 208Pb
One of the clearest features in 208Pb is its lowest excited state: a 3− state which decays
via an E3 octupole transition with strength 33.8(6) W.u. [46] to the ground state. This
3− state does not correspond to any particular particle excitation; instead, it is the result
of the less-well-described collective behaviour (see Section 2.1.3) of several ∆l = ∆j = 3
octupole interactions across the closed shell gap. The relevant orbital pairs are shown
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Figure 3.1: The five states in 208Pb lowest in energy [3].
in Fig. 1.1 and listed in Table 3.1.
The greater the energy separation of the two states, the less they will contribute
to the collective behaviour. This suggests that the pig−17/2p1/2 and νh
−1
9/2d3/2 excitations
might contribute relatively little to the collective strength. For a shell model calculation
to describe the phonon accurately, it must include all of the contributing orbitals.
Knowledge of the composition of the state will improve understanding of collective
phenomena which are extremely difficult to accurately predict otherwise due to the
many bodies involved. The state lies at an energy of 2.615 MeV, and is also observed
in several nuclei around 208Pb, including 206Pb,207Pb, 209Bi and 207Tl [3–5]. Given that
its collective strength varies between different nuclei and couplings (Section 3.1.2), it
is thought that the coupling behaviour of the vibration with particle excitations might
have some dependence on its shell model composition.
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Table 3.1: Pairs of shell model orbitals close to the neutron (ν) and proton (pi) shell gaps N = 126
and Z = 82 in 208Pb, separated across the shell gap by ∆l = ∆j = 3. These pairs are expected to
contribute to the collective octupole excitation. Energy differences use observed single-particle
energies [3–5].
ν or pi Below gap Above gap ∆E / MeV
ν p3/2 g9/2 4.329
ν f5/2 i11/2 4.780
ν p1/2 g7/2 5.922
ν f7/2 s1/2 7.803
ν h9/2 d3/2 9.381
pi d3/2 h9/2 4.565
pi s1/2 f7/2 5.111
pi g7/2 p1/2 11.321
3.1.2 Current knowledge of octupole phonon behaviour
Some experimental data already exists describing octupole phonon coupling in nuclei
neighbouring 208Pb. Here information is compiled on minimally-mixed octupole coupling
for one- and two-valence-nucleon nuclei around 208Pb.
Many of the transitions of interest were observed in a small number of experiments.
Broda et al. [47] evaluated gamma-rays emitted after deep-inelastic scattering reactions
on 208Pb. Rejmund et al. [48] placed transitions using γγ coincidence measurements
following a deep-inelastic 208Pb/136Xe + 208Pb scattering reaction. Shand et al. [49] and
Podolyak et al. [50] assigned multipolarities to transitions observed following a deep-
inelastic 208Pb + 208Pb scattering reaction.
Compilation of the data on the 208Pb octupole vibration is important to understand-
ing its character, given that a number of orbitals either side of the shell gaps are expected
to contribute. The values are summarised in Table 3.2.
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206Tl
A 2333 keV transition populates the (pih−111/2i
−1
13/2) 12
− state [47]. This is suspected to
possess octupole character but this has not been confirmed experimentally.
207Tl
A 2465 keV transition to the Jpi = 11/2−, pih−111/2 hole state was deduced to have oc-
tupole character using angular correlation measurements from a deep-inelastic collision
experiment [51]. This leads to a 17/2+ pih−111/2 × 3− spin-parity assignment for the 3813
keV parent state. This had previously been suggested by Rejmund et al. [48].
Jonson et al. [11] observed a number of states in 207Tl with energies below Qβ =
4550(30) keV, populated in β decay from 207Hg. Above the four lowest-lying states (all
with known single-proton-hole character) no firm spin-parities were assigned from this
study. However, they tentatively assigned spin-parities (7/2−, 5/2−) to the pair of states
at 2676 and 2709 keV respectively, suggesting that they correspond to the pis−11/2 × 3−
doublet.
206Pb
A strength B(E3) = 20 W.u. was deduced for the 2648 keV transition between the
3−1 state and the ground state from the results of a 208Pb + 208Pb Coulomb excitation
experiment [46].
A 2559 keV stretched E3 transition is thought to de-excite the octupole phonon
coupled to the (νi−113/2f
−1
5/2) (9
−) state [48].
A 2403 keV stretched E3 transition de-excites the octupole phonon coupled to the
(νi−213/2) 12
+ state. Its energy and multipolarity were deduced from γγ coincidence and
angular distribution measurements from a 204Hg(α, 2n) experiment [52].
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207Pb
A 2485 keV transition was suggested to de-excite the octupole phonon coupled to the
νi−113/2 state [53]. The stretched octupole character of this transition was later confirmed
through angular distribution measurements [49].
208Pb
A 2614 keV transition with a transition strength B(E3) = 33.8(6) W.u. [3] de-excites
the first excited state in 208Pb. This transition provides the benchmark example of the
strength and energy of the octupole phonon in this region because it couples to the
ground state of the double shell gap closure. Its transition strength confirms the highly
collective nature of the phonon.
A 2318 keV transition de-excites the octupole phonon coupled to the (νj15/2i−113/2) 14
−
state [47]. Its octupole character was confirmed later by angular distribution measure-
ments [50].
Studies of the octupole phonon in 208Pb also extend to states resulting from mul-
tiple octupole phonons. Yeh et al. [54] identified a 2626 keV transition from the 5241
keV 0+ double-octupole state to the 2614 keV state, using γγ coincidence measurements
following inelastic neutron scattering. Its double-octupole character was supported us-
ing energy and population arguments, the strength of the E3 transition de-exciting
the phonon, angular distribution measurements, and the absence of a transition to the
ground state.
Ponomarev and von Neumann-Cosel [55] theoretically elucidated the lack of obser-
vation of the 2+, 4+, 6+ double-octupole phonon states, using calculations within the
quasiparticle phonon model [56]. They revealed that the two-phonon Jpi = 6+ state
should be highly fragmented due to increased mixing with one-, two- and three-phonon
states. This was confirmed in a Coulomb excitation experiment [57]. Meanwhile, the
two-phonon Jpi = 2+, 4+ states (suggested to exist at energies of 5286 and 5216 keV
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respectively [58]) should be less fragmented but the techniques used to confirm their
octupole character – enhanced E3 and E1 strength populating the single-octupole state
– were questioned, as other non-collective transitions exhibit similar strengths. Shell
model calculations by Brown [22], using the KHM3Y interaction investigated in the cur-
rent work, successfully reproduced the observed characteristics of the double-octupole
states including the fragmentation of the 6+ state.
209Pb
A 2419 keV transition was suggested to de-excite the octupole phonon coupled to the
νj15/2 state [48]. Its octupole character was later confirmed by angular distribution
measurements [50].
There is interest in the octupole admixture in the 1423 keV Ipi = 15/2−1 state. Rej-
mund et al. calculate a significant contribution of 0.41|pig9/2×3−〉 to the state, meaning
that the transition to the Jpi = 9/2+1 (predominantly pig9/2) state has some octupole
phonon character, and also that a 2419 keV transition populating this 15/2−1 state has
some double phonon character. From these calculations an enhanced strength of 50 W.u.
is predicted for the 2419 keV transition from the (21/2+) state.
209Bi
A 2741 keV transition with a strength B(E3) = 18.6(25) W.u. de-excites the octupole
phonon coupled to the pih9/2 ground state [5,48]. Its octupole character has been further
supported with angular distribution measurements [50].
210Po
A 2767 keV transition populates the (pih29/2) 8+ state [47]. This is suspected to possess
octupole character but this has not been confirmed experimentally.
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Table 3.2: Known transitions within two nucleons of Z = 82, N = 126 thought to de-excite the
collective octupole phonon. Primary composition and energy Eb of the basis state (to which
the octupole phonon couples), and strength and energy of the stretched octupole-de-exciting
transition, are included. N∈(N/∈) give the number of shell model orbitals in the primary basis
configuration which are (aren’t) in the set of pairs of orbitals separated across the shell gap by
∆l = ∆j = 3, as listed in Table 3.1. References in text.
Nucleus Eb / keV Basis N∈ N/∈ B(E3) / W.u. Eγ / keV
206Tl 2643
(
pih−111/2νi
−1
13/2
)
12−
0 2 2333
207Tl 1348 pih−111/2 0 1 2465
206Pb 0 νp−21/2 2 0 ≈ 20 2648
206Pb 2658
(
νi−113/2f
−1
5/2
)
9−
1 1 2559
206Pb 4027
(
νi−213/2
)
12+
0 2 2403
207Pb 1633 νi−113/2 0 1 2485
208Pb 0 0+1 0 0 33.8(6) 2614
208Pb 6744
(
νj15/2i−113/2
)
14−
0 2 2318
209Pb 1423 νj15/2 0 1 ≈ 50 2419
209Bi 0 pih9/2 1 0 18.6(25) 2741
210Po 1557
(
pih29/2
)
8+
2 0 2767
3.1.3 The 207Tl nucleus
A number of experiments have studied 207Tl, utilising a variety of methods. The choice
of method is important as different mechanisms populate the excited states with different
probability distributions. The use of β decay to produce 207Tl populates states below
Qβ. The structural information is revealed by the subsequent gamma-ray emission. In
addition, the nature of the β-decay itself may reveal important information regarding
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spins and parities, making this an appropriate method for the current study.
207Tl is separated from the doubly closed shell by a single proton hole. Ahead of this
analysis, its lowest four energy levels are known to correspond to the four proton orbitals
immediately below the shell closure. These are the 12
+ ground state (s−11/2), the
3
2
+ state
at 351 keV (d−13/2), the
11
2
− state at 1348 keV (h−111/2) and the
5
2
+ state at 1683 keV
(d−15/2). Above these is a pair of levels around 2.7 MeV which are currently presumed to
result from coupling of the octupole state to the s−11/2 ground state. These are tentatively
assigned spin-parities of 52
− and 72
−. Above these, several levels are known and possess
a range of spin-parities. Most of these are expected to result from octupole coupling.
3.1.4 Previous studies of 207Tl
The first specific studies of 207Tl took place in the 1960s and only populated the single-
particle states, utilising transfer reactions. Levels have been studied up to an excitation
energy of 7 MeV. A select few of the experiments with results relevant to this analysis
are detailed below.
Hinds et al. 1966 [59,60]: 208Pb(t,α)207Tl
One of the first identifications of states in 207Tl came from a proton pickup reaction
using a triton beam on an enriched lead target at the Aldermaston tandem accelerator.
The spectrum and angular distribution of outgoing α particles were recorded.
The (t,α) reaction removes a proton from the nucleus. It was inferred from the
angular distributions of the outgoing particles that the reaction proceeds via a pick-up
transfer mechanism, rather than compound nucleus formation, and so single-hole states
in the daughter should be preferentially populated. They used the similarity of the
distributions to known uranium (d,p) reactions to confirm the single-particle identity
of the five observed states, with energies derived from the Q-value of the reaction and
the observed α energies. The spin-parities were assigned according to the predicted
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shell model states (the h11/2 state at 1.34 MeV was lent more support by the fact
that an isomeric state had already been observed at a similar energy by Eccleshall and
Yates [61]). The analysis led to the confirmation of five states: pi3s−11/2 at 0.00 MeV and
pi2d−13/2 at 0.35 MeV, which had already been established; pi1h
−1
11/2 at 1.34 MeV; pi2d
−1
5/2
at 1.67 MeV; and tentatively pi1g−17/2 at 3.48 MeV. Each of these has an uncertainty of
20 keV.
Gorodetzky, Beck, Knipper 1969 [62]: 211Bi α decay
In this experiment alpha decay from the 211Bi parent populated the 351 keV excited
state in 207Tl. The plane polarisation of the emitted gamma rays was observed, and
the results were supported by electron conversion measurements. The mixing ratio
δ(E2/M1)= +0.271(4) was determined for the 351 keV transition to the ground state.
Hansen et al. 1969 [63]: 205Tl(t,p)207Tl
A study into states of possible collective nature was performed at the Aldermaston
tandem. The use of this reaction was justified by comparison with the (t,p) reaction on
206Pb, known to populate collective states in the 208Pb core [64]. A thick 205Tl target
was bombarded with tritons.
The outgoing protons were analysed in terms of their energies and angular distribu-
tions. A number of levels in the β-decay energy range were observed. Assuming weak
coupling between the hole states and the Jpi = 3−, 5− states, these were sorted into the
possible assignments shown in Table 3.3.
Jonson et al. 1981 [11]: 207Hg β− decay
This was the only previous experiment to use β decay to populate 207Tl, primarily
due to the difficulty of producing the N > 126 parent nucleus. The experiment was
performed after the suggestion that a secondary neutron-induced reaction inside the
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Table 3.3: Selection of states and assignments from Hansen et al. [63]. The spin and state
assignments for octupole-coupled states are based on trivial shell model predictions assuming
weak coupling, and no calculations from experiment were used to support them. Energies were
not quoted with error bars but FWHM ≈ 25 keV for the proton spectrum is noted.
Eexp (MeV) Jpi L State
0 12
+ 0 |s−11/2 × 0+〉
0.36 32
+ 2 |d−13/2 × 0+〉
1.69 52
+ 2 |d−15/2 × 0+〉
2.69
}
(72
−) 3 |s−11/2 × 3−〉
2.72 (52
−) 3
2.92 
(92
−) 5
|d−13/2 × 3−〉
3.00 (72
−) 3
3.16 (52
−) 3
3.21 (32
−) 1
3.31
}
(112
−) 5 |s−11/2 × 5−〉
3.35 (92
−) 5
3.46

(132
−) 7
|d−13/2 × 5−〉
(112
−) 5
3.59
(92
−) 5
(72
−) 3
lead target allowed production of 207Hg. Fourteen levels were observed, with one further
suggested, and the transition intensities between these noted. These are shown in Fig.
3.2. Populations of the levels and knowledge of the transitions gave logft results for many
of the levels and hence rough spin-parity assignments. However, intensity balances across
states were inconsistent, with the suggestion of significant β-decay branching to the 3/2+
state at odds with the (9/2+) assignment for the decaying state in 207Hg. Advances in
the efficiencies of gamma-ray detection arrays have since driven the motivation for a
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Figure 3.2: Levels observed in 207Tl by Jonson et al. following β decay from 207Hg. Adapted
from the results in ref. [11].
new experiment, which would be expected to reveal transitions which were previously
too weak for observation.
The population of a number of states in the octupole coupling energy region, which
have not been precisely observed by any other experiments, supports the aims of the
current work.
Wilson et al. 2015 [51]: 208Pb + 208Pb
Deep-inelastic collision of a 208Pb beam on a 208Pb target using the ATLAS accelerator
at Argonne National Laboratory excited high-energy states in 207Tl. A number of states
were established up to 6984 keV, with spins up to J = 35/2 assigned by comparison with
shell model calculations. Core-breaking excitations are known to preferentially populate
yrast states (states with the lowest energy for a given spin).
The excitation energies of the observed states were compared with theoretical values
from two types of shell model calculation (KHH7B and KHM3Y, Section 3.2). These dif-
fered in the orbitals considered and in the interactions used. Although largely successful,
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the calculations compress the states at the highest energies. The authors of ref. [51] sug-
gested that this effect could be ameliorated with the consideration of multiple-particle
core excitations (t > 1), though this is computationally difficult.
3.2 Shell model calculations
Calculations used in the 208Pb region of the nuclear chart make use of the shell model
due to its relevance close to the spherical doubly-closed shell. In this work the results
of the KHH7B and the KHM3Y calculations, which have each seen success in describing
nuclei in the region, are used. These are described in more detail below.
The KHH7B shell model interaction has seen success in describing shell model states
in nuclei along the N = 126 line [65–68], while the KHM3Y interaction is successful in
describing the octupole phonon (and double octupole excitations) in 208Pb [22] and in
describing nuclei consisting of the 208Pb core plus several particles [69].
The two sets of calculations have previously been applied to 207Tl and compared to
the findings of an experiment studying high-energy yrast states [51]. While both sets of
calculations were relatively successful at predicting the energies of core-breaking states,
the energy of the octupole-coupled 17/2+ state was underestimated by KHM3Y by 0.3
MeV and overestimated by KHH7B by 0.5 MeV.
3.2.1 The KHH7B interaction
The calculations use a basic model space around the 208Pb shell gaps. The proton model
space includes the orbitals 2d5/2, 1h11/2, 2d3/2 and 3s1/2 below Z = 82 and 1h9/2, 2f7/2
and 1i13/2 above. The neutron model space includes the orbitals 3p1/2, 2f5/2, 3p3/2
and 1i13/2 below N = 126 and 2g9/2, 1i11/2 and 1j15/2 above. Cross-shell two-body
matrix elements (TBMEs) are based on the H7B interaction [70], and neutron-proton
particle-particle and hole-hole TBMEs use the Kuo-Herling interaction [71] as modified
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in ref. [69].
Developed by Herling and Kuo [72], the Kuo-Herling interaction uses the Hamada-
Johnston nucleon-nucleon potential [73] to describe scattering between free nucleons.
Work by Kuo and Brown applying this potential to the nuclei 18O and 18F [74] was
successful in replicating the majority of states. This was improved later [75] by includ-
ing the possibility of core polarisation within a reasonable energy range, and was also
employed successfully for nuclei close to 208Pb [71]. They did so by investigating the
effects of adding the terms G3p-1h and G4p-2h to the plain effective interaction G on the
three two-particle A = 210 nuclei above 208Pb, ultimately finding that renormalisation
with the G3p-1h core polarisation term was useful but that the G4p-2h term, intended to
account for excitations proceeding through a two-particle-two-hole intermediate state,
was not useful.
3.2.2 The KHM3Y interaction
These calculations use an expanded model space. The proton model space includes the
orbitals 1g7/2, 2d5/2, 1h11/2, 2d3/2 and 3s1/2 below Z = 82 and 1h9/2, 2f7/2, 1i13/2,
2f5/2, 3p3/2 and 3p1/2 above. The neutron model space includes the orbitals 2f7/2, 1h9/2,
3p1/2, 2f5/2, 3p3/2 and 1i13/2 below N = 126 and 2g9/2, 1i11/2, 1j15/2, 3d5/2, 4s1/2,
2g7/2 and 3d3/2 above. This is in effect a full model space since these orbitals extend
to the next major shell gaps above and below. Cross-shell TBMEs are based on the
M3Y interaction [76], and neutron-proton particle-particle and hole-hole TBMEs use
the Kuo-Herling interaction [71] as modified in ref. [69].
TBMEs are calculated for the M3Y interaction [76] using harmonic oscillator ra-
dial wave functions for all possible combinations of these orbitals, and TBMEs for the
Coulomb interaction are also calculated for all combinations of proton orbitals. The
particle-particle and hole-hole Hamiltonians were investigated thoroughly [69,77–79] us-
ing the Kuo-Herling renormalised G-matrix as described for KHH7B.
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Chapter 4
Experimental details
4.1 Production of 207Hg
The nucleus 207Tl is on the neutron-rich side of the line of stability, meaning that it may
be produced by the β− decay of 207Hg (Fig. 4.1). This allows the population of states
up to around 4 MeV – a range expected to include the known single-proton-hole states
and a number of states corresponding to coupling between these states and the lowest-
lying Jpi = 3−, 4−, 5− excited states in 208Pb. Production of the neutron-rich nuclei
‘south-east’ of 208Pb (Z < 82, N > 126) is generally difficult because they possess more
neutrons than any convenient target materials. Neither is it achieved by spontaneous
fission of heavier elements.
Spallation from a lead target, however, can be effective. It has been demonstrated
previously that N > 126 nuclei may be produced by this method [11] using the 1.4 GeV
proton beam on the molten lead target at the CERN-ISOLDE radioactive ion beam
facility. The method of production of 207Hg from 208Pb is not clear. It was suggested
in ref. [11] that a secondary (n,2p) reaction on 208Pb is responsible, with neutrons com-
ing from previous proton-induced reactions. However, Z < 82, N > 126 species have
also been produced using reaction of 208Pb on a thin 9Be target [80]. The velocity dis-
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Figure 4.1: Experimentally known β-decaying A = 207 nuclei relevant to this analysis, with
decay Q-values (keV), half-lives and relative ground state energies. Data and adapted figure
from ref. [4].
tributions of the product nuclei, known to reveal information on the charge exchange
contributions to the reaction [81], suggest that an inelastic (p,n) charge-exchange mech-
anism is instead responsible. This ∆(1232) resonance [82] – the excitation of a proton
into an intermediate state, from which it may decay into a neutron – has been suggested
as a possible production mechanism.
In 2014 the ISOLDE Decay Station (IDS) was completed and began experiments. The
aims of the set-up included providing a versatile and user-friendly permanent station for
decay spectroscopy, with high gamma-ray efficiency provided by four four-crystal high-
purity germanium (HPGe) clover detectors [83]. The data in this thesis were extracted
from two experiments (experiment number IS588) at IDS: the first taking place in August
2014, and the second in July 2016. Both observed gamma rays following the β− decay
of 207Hg, with different detector arrangements.
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4.2 The ISOLDE facility at CERN
ISOLDE is a radioactive ion beam facility at the European Organisation for Nuclear
Research (CERN). It was created in the 1960s by the ISOLDE collaboration, beginning
operation in 1967 receiving protons from the Synchro-Cyclotron accelerator, and is now
located in the ISOLDE hall and receiving protons from the Proton-Synchrotron (PS)
Booster [84].
The arrangement of accelerators at CERN is shown in Fig. 4.2. The PS Booster,
completed in 1972, is composed of four synchrotron rings. It takes protons at 50 MeV
from the LINAC2 linear accelerator and injects them at 1.4 GeV into the PS. It does so
in pulses, compiled into a ‘supercycle’: between 28 and 36 pulses per supercycle, with
1.2 s between each pulse. Up to half of the pulses per supercycle from the PS Booster
are available for use at ISOLDE. This corresponds to a maximum of 2 µA of proton
current.
4.2.1 Beam production
At ISOLDE this beam is impacted directly onto the target of either GPS or HRS, where
the radioactive nuclei will be produced. The target used, an example of which is drawn
in Fig. 4.3, was a molten lead target using a type VD5 FEBIAD (Forced Electron Beam
Induced Arc Discharge) source (ref. [85], pp. 331–350). In 2014 target reference #463
was used, and in 2016 target reference #577 [86] was used.
The two target stations each lead to a separator: the General Purpose Separator
(GPS) or the High-Resolution Separator (HRS) [88]. HRS achieves a mass resolution
power of ∆M/M < 1/5000. GPS has the capability of extracting several secondary
beams close to the mass of interest, and has a weaker mass resolution power of ∆M/M ≈
1/1000 [89]. GPS was used for both 207Tl experiments; its resolution is deemed sufficient
at high mass, and HRS, due to its stricter separation conditions, gives a smaller yield.
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Figure 4.2: Full accelerator layout at CERN. This includes the path of protons from LINAC2 to
the PS Booster and then to ISOLDE. Image from cds.cern.ch webpage.
The original specifications for GPS are described in ref. [88].
4.2.2 Beam direction
After leaving the target the ion beam passes down the ISOLDE beamline through a series
of focussing and bending magnets and electrostatic ‘kickers’. Before taking radioactive
beam these elements must be tuned using a stable (non-contaminating) isotope of similar
mass to the isotope of interest. For 207Tl it was possible to use the lead target without
protons to produce stable 207Pb for tuning; afterwards the separating magnets were
automatically cycled to adjust the parameters for 207Hg. In the first experiment the
transmission of 207Hg was 72% (228 pA of ion beam at IDS from an initial 316 pA at
GPS), while in the second experiment the transmission was 85% (190 pA from 220 pA).
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Figure 4.3: Labelled side-view cross-section of the target at GPS, from ref. [87]. ‘Target’ is the
cross-section of a thin cylindrical tube containing the target material.
The ISOLDE hall contains several experimental set-ups, featuring a range of exper-
imental approaches and observing nuclear phenomena for a range of applications. Ra-
dioactive beam is transported from the ISOLDE target stations down the main beamline,
and then down the beamline of an individual experiment.
4.3 The ISOLDE Decay Station
The ISOLDE Decay Station was built to provide a simple and versatile experimental
set-up for nuclear decay spectroscopy, whilst also providing an infrastructure for data
acquisition and analysis.
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Figure 4.4: Photograph of the IDS tape station at the end of the RC4 beamline at ISOLDE,
with IDS clovers retracted and no ancillary detectors present.
4.3.1 The IDS shell
IDS was installed near the end of the main ISOLDE beamline in 2014. It can take beam
from either separator at any nuclear mass within the capabilities of the GPS and HRS
targets.
The Station’s structure, or shell, is such that alongside the four resident HPGe four-
crystal clover detectors, a range of ancillary detectors may be installed. In the centre
of the shell is a chamber which is held under vacuum during experiments. Inside this
chamber – which may be changed depending on the measurement being made – a vertical
length of aluminised Mylar tape is held on a pulley. The beam ions are stopped on the
tape and decay in the centre of the shell, emitting radiation to be observed by the array
of detectors. The tape may be moved automatically to move implanted nuclei away from
the detectors (to the other side of a lead shield).
IDS uses a tape station supplied by KU Leuven and a fully digital data acquisition
system (DAQ) using Nutaq VHS-ADC digitisers, developed at STFC Daresbury [90] and
supplied by the University of Jyva¨skyla¨.
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Figure 4.5: Three-dimensional model of the IDS set-up for IS588 in 2016 including the four IDS
clovers and the fifth TIGRESS clover (purple) as positioned during the experiment. The IDS
shell (green), vacuum chamber (square, centre) and supporting structure are shown.
4.3.2 HPGe clover detectors at IDS
Four Canberra Clover Detectors [83] form the basis of the IDS gamma-ray detection
system. Each is composed of four 50×50×70 mm HPGe crystals. The crystals are cylin-
drical, but are rectangularly tapered at the front faces for a close-packed configuration,
and a single liquid nitrogen canister cools each clover with a cold finger extending in
the gap between the four crystals. The clovers are oriented at a backwards angle, each
forming an angle of 125◦ with the vector of the beam direction. Adjacent clovers are
separated by angles of 70◦ and opposite clovers are separated by angles of 110◦. The
geometry of the system, featuring the ancillary fifth clover detector as positioned in the
second IS588 experiment, is demonstrated by the CAD drawing in Fig. 4.5 and the
annotated plan views in Fig. 4.6.
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Figure 4.6: Top (left image) and side (right image) views of the HPGe clover detector positions,
with respect to the beamline and implantation point, during the 2016 experiment. Visible clovers
are labelled. In both views, two IDS clovers are hidden behind the other IDS clovers.
4.3.3 Ancillary detectors
In each experiment, an additional HPGe detector and a plastic scintillating β detection
arrangement were used alongside the four IDS clovers.
In the 2014 experiment a three-crystal Miniball cluster detector [91] was placed along
the beam axis and positioned in close proximity to the tape, forming a 125◦ angle with
each of the IDS clovers. This improved gamma-ray efficiency. Three individual flat
plastic β detectors were placed around the vacuum chamber inside which the ions were
tape-implanted.
Detector-detector angular correlation measurements would not be viable for this de-
tector arrangement, because the large solid angle coverage of the Miniball cluster would
smear angular variations considerably. Furthermore, the cluster formed only one angle of
125◦ with each of the IDS clovers due to the symmetrical detector arrangement. Angles
of 70◦ and 110◦ between the IDS clovers give the same correlations (see Section 2.3.6),
leaving effectively two angles in total. This would not be enough to constrain angular
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Figure 4.7: Left: the detector arrangement in the first experiment. The β detectors are flat
against the target chamber, with the corresponding electronics located below them. Right: the
arrangement in the second experiment. The scintillating block is coated in reflective white paint
to minimise signal losses, and is held in place by the PMTs at either end.
correlation measurements.
The 2016 experiment was focused on angular correlation measurements and a four-
crystal TIGRESS clover from IFIN-HH, Bucharest, was used. This fifth clover was placed
off-axis in order to reduce the symmetry of the system. A temporary support was used
for the clover, which was positioned in the beam’s horizontal plane and opposite two IDS
clovers, at an angle of 40◦ from the beam vector (Fig. 4.6). A plastic scintillator block
was also produced to clamp around the tape. This provided a very high angular coverage,
and was combined with two PMTs, giving a high efficiency. Annotated photographs of
the tape chamber in both experiments are shown in Fig. 4.7.
4.3.4 Electronics and data collection
Individual signals from the detectors at IDS pass through a gain and offset unit. Each
output from this unit goes to a channel in the IDS Nutaq digitizer. This is coupled to the
IDS acquisition PC and the MIDAS (Multi Instance Data Acquisition System) software
for data acquisition and experiment control, developed at STFC Daresbury. This is
based on the total data readout (TDR) system used for the GREAT spectrometer at the
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University of Jyva¨skyla¨ [90]. Within MIDAS, event building and merging for triggerless
data acquisition is controlled, and parameters for event identification, specific to each
detector, are set.
While it is possible to combine the IDS Nutaq acquisition system with other systems,
for example in order to provide more channels or to use specialist ancillary setups, in the
207Tl experiments only Nutaq was necessary. On-line and subsequent off-line analysis
was performed in Grain [92], a software package integrated into the TDR process, as
well as GASPWare and ROOT.
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Chapter 5
Analysis and results
5.1 Data sorting
MIDAS creates run files in which each event is a single detection, containing an am-
plitude and timestamp along with the the channel ID. These data were sorted off-line
in Grain using sort codes written in Java, using the GrainGreatSorter class. This fills
Grain histograms using the event stream as specified by the user. The sort requires a
detector energy calibration (gains) file and a configuration file which specifies parameters
including trigger conditions and time gate widths. Fig. 5.1 shows the flow of information
from IDS to the sorted Grain output file.
A general time gate of width ±500 ns was used for events, triggering on all detector
channels. Add-back, whereby multiple γ events within the same detector occurring
within the same event are summed in energy, was used for all spectra. This increased
the efficiency at high energies by correcting for Compton scattering, as described in
Section 2.4.2. γ–γ coincidences used a ±50 ns window. The data streams used here are
the clover crystals, the β detectors, the proton pulse, the beamgate pulse and the tape
movement pulse. The code initialises and fills 1D and 2D matrices, which inside the
Grain GUI may be viewed, gated and exported in other formats. An analogous process
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Figure 5.1: Stream between collection of data at IDS and creation of sorted .aida file in Grain
for off-line analysis.
is used for sorting in GASPWare [93] rather than Grain.
5.2 Calibrations
5.2.1 Energy calibration
Gamma-ray energy calibration was performed using a pre-experiment 152Eu source run
lasting 1.38 hours (8 kBq) and 1.46 hours (15 kBq) for the first and second experiments
respectively. Twelve peaks (at energies 121.8, 244.7, 344.3, 411.1, 444.0, 778.9, 964.0,
1085.8, 1089.7, 1112.0, 1299.1 and 1408.0 keV [94]) were fitted for each of the HPGe
crystals in GASPware. The order of the polynomial fit was kept to a minimum (linear
in most cases). These two sets of parameters were then used throughout the analysis.
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5.2.2 Efficiency calibration
A 152Eu source was used for the efficiency calibrations. Using the length of the efficiency
run, the activity of the source and the known transition intensities [94], the expected
total intensity of each transition can be calculated, and hence the absolute detector
efficiency at each energy can be deduced. Full-energy peak intensities were plotted and
fitted with the five-parameter function
ε(E) = 1
E
(
A0 +A1 ln(E) +A2 ln(E)2 +A3 ln(E)3 +A4 ln(E)5
)
(5.1)
which adequately replicates the decay in efficiency at higher energies and the drop-off
at energies below roughly 100 keV.
The ratio of the 2615 keV and the 583 keV peak intensities in 208Pb, following β
decay from 208Tl, is known experimentally to have the value 1.174(4) [3]. Using data
collected on the A = 208 GPS mass setting, this ratio was used to extend the efficiency
calibration fit up to 2.6 MeV.
The level scheme of 207Tl was built using data from the 2014 experiment, as β-gating
resulted in a low level of background. The absolute total gamma-ray detection efficiency
calibration here is therefore important in establishing the intensities of the transitions
observed. The efficiency calibration plot for the 2014 data (four clovers plus Miniball
cluster), using 16 peaks from the decay of 152Eu up to 1408 keV plus the relative efficiency
at 2615 keV, is shown in Fig. 5.2. The equivalent plot for the 2016 data (four clovers
plus TIGRESS clover) is shown in Fig. 5.3.
Relative efficiencies for angular correlations
The data from the experiment in 2016 have been used for angular correlation measure-
ments. As a result it is necessary to make an efficiency calibration which considers each
crystal separately. An example absolute efficiency calibration is shown in Fig. 5.4(a),
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Figure 5.2: Absolute full gamma-ray energy peak detection efficiency, including add-back, for
the HPGe detectors in the 2014 experiment, using data from 152Eu decay and 2614 keV 208Pb
peak.
using peaks from 152Eu decay during a pre-experiment source run. Angular correlation
measurements only require relative, rather than absolute, detector efficiencies, because
the final distribution is normalised. If each efficiency in the calculation is given in terms
of the efficiency of a different detector, this does not affect the result for W (θ) or Ak (so
long as the reference detector is consistent), as follows.
The angular correlation result for a gamma-ray E1, detected in detector ci, followed
by a gamma-ray E2, detected in detector cj , is W (θij). This result is proportional to the
intensity Iγγ of the coincidence peak, and inversely proportional to the two efficiencies
ε involved in the angular correlation.
W (θij) ∝ Iγγ(E1, ci;E2, cj)
ε(E1, ci) ε(E2, cj)
(5.2)
These efficiencies can also, trivially, be given in terms of the corresponding efficiency
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Figure 5.3: Absolute full gamma-ray energy peak detection efficiency, including add-back, for
the HPGe detectors in the 2016 experiment, using data from 152Eu decay and 2614 keV 208Pb
peak.
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Figure 5.4: Plot (a) shows the fitted absolute add-back efficiency for crystal #20 in the 2016
experiment using the 152Eu source run and the 208Pb relative peak intensity to extend up to
2.6 MeV. Plot (b) shows the corresponding efficiency curve after correcting the efficiency for a
factor dependent upon the peak counts for transitions in 207Tl relative to those in crystal 1, as
described in text.
in a reference detector, ca, and observed peak intensities Iγ in the gamma-ray singles
spectra.
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Figure 5.5: Relative efficiency curves (fitted polynomial) for all 20 crystals in the 2016 experiment,
representing the ratios of the peak counts for transitions in 207Tl in a given crystal to the
corresponding peak counts in crystal 1 (the chosen reference detector).
ε(E1, ci) = ε(E1, ca)
Iγ(E1, ci)
Iγ(E1, ca)
ε(E2, cj) = ε(E2, ca)
Iγ(E2, cj)
Iγ(E2, ca)
From equation 5.2 and these efficiency definitions, W (θij) can be given instead in
terms of the relative efficiencies.
W (θij) ∝ Iγγ(E1, ci;E2, cj)Iγ(E1,ci)
Iγ(E1,ca) ×
Iγ(E2,cj)
Iγ(E2,ca)
(5.3)
Since the reference crystal efficiencies ε(E1, ca) and ε(E2, ca) are common to all data
points in the W (θ) measurement, they can be factored out so that the result depends
only on the peak intensities in the crystals in the correlation. The peak counts in the
reference crystal, Iγ(E, ca), can also be factored out, but can also be retained in order to
use relative efficiency curves such as those shown in Fig. 5.5. Equation 5.3 could then
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be used for angular correlation measurements.
In this analysis an equivalent approach was used whereby points on the absolute
efficiency curve ε(E) for a crystal ci, such as that shown in Fig. 5.4(a) for crystal
20, were scaled by a factor Iγ(E,ci)/ε(E,ci)Iγ(E,ca)/ε(E,ca) (where ε is the absolute efficiency, ca is the
reference crystal, and Iγ is the measured peak count for a transition in 207Tl). This
corrects the initial absolute efficiency measurement for efficiency differences in the 207Tl
data set. Using crystal 1 as a reference, this produces an adjusted efficiency curve,
shown in Fig. 5.4(b), which is then used as the detector efficiency in equation 5.2 for
the angular correlations. It can then be shown that the factor ε(E, ci), in the correction
factor above, cancels, and the factor ε(E, ca) is cancelled upon normalisation as described
earlier. This means that the efficiency factors calculated using this method are analogous
to the relative efficiencies given in the denominator of equation 5.3 and shown in Fig. 5.5.
This has the identical effect of producing an efficiency calibrated to the data set rather
than to a separate source run, making it more relevant and therefore more reliable.
5.3 207Hg implantation rates
In order to calculate the presence of the nucleus of interest on the tape, the intensities
of significant gamma-ray peaks from the decay were investigated. The counts were
corrected for detection efficiency and electron conversion coefficient (using the BrIcc
internal conversion coefficient calculator [95]) and compared with published intensities
(from Nuclear Data Sheets [3,4,96]). This is performed for several peaks where possible
to check for agreement. For 207Tl some gamma-ray transitions have an established
intensity following β-decay [11]. The strong 351 keV and 997 keV transitions are used.
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IS588 in 2014
A run of length 31080 s (8.6 hours) on the A = 207 mass setting early in the experiment
was used to determine the yield of 207Tl. The 351 keV transition has a published intensity
(following β decay) of 77% [11], and with an electron conversion coefficient α = 0.245 [62]
and a total γ detection efficiency of 13.6% a 207Hg rate of 5.0(3)× 104 pps is calculated.
The 997 keV transition has a published intensity of 69% [11], and with an electron
conversion coefficient α = 0.146 and a detection efficiency of 7.5% a rate of 4.7(2)× 104
pps is calculated. This results in a calculated 207Hg tape deposition rate of 4.9(2)× 104
pps.
IS588 in 2016
By switching off the β detectors in the 2016 experiment, higher beam intensities were
possible. A run of length 30003 s (8.3 hours) on the A = 207 mass setting, taking place
after the β detectors were switched off, was used. This gave a 207Hg rate of 1.9(1)× 105
pps, four times the rate achieved in 2014.
5.4 Beam contamination
Despite the use of the GPS on-line separator there is potential for contaminant nuclei
in the beam. This is due to components of an identical or similar mass to the desired
nucleus (including molecules). Decays occurring later in a decay chain may also be
observed.
Spectra from the 2014 data set (Fig. 5.6) show that 206Hg is present, and 208Hg
to a much lesser degree. The isobars 207At and 207Po and β+-decaying isotopes with
mass (A − 16) and (A − 17) (oxide and hydroxide molecules) are also clearly present.
The presence of species with A 6= 207 indicates that the GPS mass separation was not
perfect. The contaminants are shown in Tables 5.1 and 5.2. The results do not directly
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Table 5.1: Relative measured intensity from different contaminating nuclei in the 2014 exper-
iment, deduced from β-delayed gamma-ray emission only. Values are obtained from the raw
γ-decay intensities of the daughter nuclei, corrected for known intensities and detector efficiency.
Σ refers to the sum of all ground-state-populating transitions in 207Tl. For 208Hg the relative
intensities of transitions are not known, so this value is only useful for a comparison between
experiments.
Nucleus Energy / keV Relative intensity
207Hg Σ 100
206Hg 305 69.1
208Hg 452 (0.01)
207At 814 0.23
207Po 912 0.49
190Hg 142 0.53
190Au 295 0.23
191Hg 579 1.33
191Au 586 1.78
correspond to beam contamination: decays long after implantation will still be observed,
and stable nuclei (i.e. no γ emission) are not accounted for. Much of the radiation from
191Au decay is likely due to the presence of 191Hg in the beam.
The abundance of 206Hg was not problematic as its decay emits very few high-intensity
gamma-rays. These are visible at 305 and 649 keV in Fig. 5.6.
Similar beam contaminants were observed in the 2016 data. Notable are the decreases
in the presence of adjacent Hg isotopes but the significant increases in production of
207At and 207Po. The long half-lives of these two contaminants (1.81(3) h for 207At and
5.80(2) h for 207Po [4]) led to the decision to move the tape every hour throughout the
experiment.
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Table 5.2: Relative measured intensity from different contaminating nuclei in the 2016 exper-
iment, deduced from β-delayed gamma-ray emission only. No clear peaks were visible for the
A = 191 contaminants in this experiment. The 452 keV peak from 208Hg decay was not visible.
Nucleus Energy / keV Relative intensity
207Hg Σ 100
206Hg 305 1.09
208Hg 452 (0)
207At 814 4.76
207Po 912 10.6
190Hg 142 0.32
190Au 295 0.16
191Hg 579 0
191Au 586 0
5.5 207Tl level scheme
The first aim of the analysis was to produce a comprehensive level scheme for the states
populated by β decay from 207Hg. This would allow for a study of the level spin-parities.
As described earlier and shown in Fig. 3.2, several levels had already been established.
The experiment of ref. [11] achieved a 207Hg rate of ∼105 pps and a β detection efficiency
of ∼100%. The IS588 experiments had similar rates (5× 104 pps and 2× 105 pps) and
a lower β detection efficiency. However, the gamma-ray detection efficiency was more
than an order of magnitude higher: 19 HPGe crystals in 2014 and 20 in 2016 (each with
active volume > 130 cm3), versus 2 Ge(Li) crystals (volumes 63 cm3 and 40 cm3) in the
previous experiment. With approximately half the implantation rate, twenty times the
total active gamma-ray detector volume and 40% of the β-detection efficiency, overall a
four-fold improvement in statistics for β-gated 207Tl gamma rays is estimated. The gain
would be even greater for γγ coincidences due to the increased number of detectors.
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Figure 5.6: Beta-gated spectrum up to 3.5 MeV for all A = 207 data collected in the first
experiment. Peak energies are marked in keV. Transitions from 206Hg decay are in brackets.
5.5.1 Establishing transitions
The level scheme in this work was built with the data set from the experiment which
took place in 2014, using βγ and βγγ matrices. Data from the 2016 experiment had
a significantly higher background level and no β-gating. Gating on the detection of a
β particle greatly reduces most background aside from β-decaying contaminants. The
2016 data were used in some cases to support the placement of transitions observed in
the 2014 data set, using γ and γγ matrices, but the analysis only uses the 2014 data.
The β-gated γ-ray spectra for coincidences with the 351 keV, 1683 keV and 1637 keV
transitions are shown in Fig. 5.7.
The final level scheme is shown in Fig. 5.8, and in Table A.1 (in Appendices) are
listed the transitions and their intensities. Intensities for strong transitions were obtained
from the full β-gated γ singles spectrum. Intensities for weak or obscured transitions
were obtained using coincidence spectra, by deducing the intensity relative to coincident
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Figure 5.8: Level scheme for 207Tl, following β decay from 207Hg, from this analysis. Level
and transition energies, in keV, are marked. Arrow thicknesses denote the efficiency-corrected
transition intensity. Transitions with less than 1% of the intensity of the strongest transition
have the same arrow thickness. The electron-converted intensity is also included, visible for the
351 keV and 997 keV arrows. All transitions are listed in Table A.1 (Appendix A).
peaks.
Eleven new levels and 73 new transitions have been established in this analysis, for a
total of 26 observed levels and 110 observed transitions. The new levels are observed at
excitation energies 3014, 3197, 3431, 3494, 3570, 3581, 3634, 3644, 3800, 3850 and 3940
keV above the ground state. A state at 3592 keV placed tentatively in ref. [11] is also
observed here. The βγ-gated spectra used to verify the presence of the states at 3197
keV and 3494 keV are shown in Fig. 5.9 and Fig. 5.10.
There is a ratio of 105–106 between the intensities of the strongest and weakest tran-
sitions observed here. Other levels and transitions present in this energy range are
populated too weakly to be observed here. In their study, Jonson et al. [11] commented
that two weakly observed non-coincident transitions could suggest levels at 3633 and
3644 keV if placed on top of the isomeric state. They also tentatively placed a state at
3592 keV. Here the existence of each of these states is confirmed.
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Figure 5.9: Two β-gated gamma-ray coincidence spectra showing three transitions involving the
3197 keV state in 207Tl. The first spectrum contains counts in coincidence with the 351 keV
transition from the 351 keV 3/2+ state, and shows the 2846 keV transition thought to populate
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Figure 5.10: β-gated gamma-ray coincidence spectrum showing the single 3142 keV transition
in 207Tl. This is detected in coincidence with the 351 keV transition from the 351 keV state,
implying the presence of a state at 3494 keV with relatively low spin.
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A number of states have also been observed previously in 207Tl [4] but were not
observed in the current experiment. These are discussed in the following.
A 3210(5) keV (3/2−) state with no experimentally-determined spin-parity [63, 97]
could be the same as the 3197 keV (5/2−) state here, but may also be of too low a spin
for population in β decay. A 3474(6) keV (7/2+) state thought to contain significant
pig−17/2 strength is confirmed by a number of experiments [4] but is not thought to have
been populated here due to the ∆n=0 allowed β-decay selection rule (discussed in Section
5.9). A 3813 keV 17/2+ state has confirmed pih−111/2×3− character [51] and is not observed
here due to its relatively high spin. A 3987(5) keV (7/2, 9/2)+ state [97,98] is thought to
contain some pig−17/2 strength; one would expect to see it here, but aside from a weak 3631
keV peak in coincidence with 351 keV, suggesting that a state might exist at 3982 keV,
nothing is apparent. A 4289(5) keV (5/2+) state and a 4589(6) keV (3/2, 5/2)+ state,
identified in 208Pb(t, α) and 208Pb(d,3He) experiments [97, 98], are too forbidden. Two
1/2+ states at 4337(20) keV and 4521(20) keV, identified in 205Tl(t,p) experiments [63],
are too forbidden. A 4432(5) keV (7/2, 9/2, 11/2) state [97,98] lies too close to Qβ.
Several previously-observed states might be identical to those observed in this analy-
sis, within reasonable uncertainty limits. These lie at previous (possible current) energies
of: 3558(6) (3570) keV; 3791(6) (3800) keV; 3856(6) (3850) keV; 3958(6) (3940) keV [98].
5.5.2 Effect of angular distributions
Section 2.3.6 describes the phenomenon of angular correlations of successive gamma
rays. In a 4pi array of detectors with the assumption of equal full-energy peak detection
efficiencies, for any γγ coincidence measurements using every pair of detectors the an-
gular correlation effect will cancel. In any other situation it will have an effect on the
measured coincident intensities, because the intensity distribution will not be sampled
equally across all angles. This effect is most pronounced for coincidences with large
correlation coefficients (|A2|  0), detector pairs with small solid angles, and detector
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pairs at the extremes of separation (close to 0◦ or 90◦).
For the 2014 data, solid angles were large, with total Q2 ≈ 0.6 in general for coinci-
dences between whole clover detectors, and even smaller for coincidences involving the
high-efficiency Miniball cluster. Only two angles were present: 70◦ between IDS clovers
and 55◦ with the Miniball cluster. The results of the angular correlation measurements
(see Section 5.8.6) indicate that generally |A2| < 0.2 in the decays observed. To deduce
the correction factor, the W (θ) results for a coincidence must be summed across the
detector-detector pairs and weighted for the corresponding efficiencies. Therefore, the
observed intensity must be multiplied by a factor
∑
ij
ij∑
ij
ijW (θ)ij
. This correction factor
differs from unity by less than 1% for |A2| = 0.2 and by less than 0.5% for |A2| = 0.1,
with little dependence on transition energies. Given the uncertainty over correlation co-
efficients for weaker coincidences and the minimal effect on the final observed intensity,
this effect is safely ignored in this analysis.
5.5.3 Effect of electron conversion
Electron conversion of transitions between nuclear states (Section 2.3.5) acts in addition
to gamma-ray emission and depends on transition energy and multipolarity. Since exact
multipolarity, including mixing ratio, is not known for most transitions, this is difficult
to account for precisely, but has a significant effect on the final result. In addition to the
transitions with electric multipolarity, where mixing is assumed negligible, values for the
mixing ratios of the 351 keV M1+E2 and 310 keV M1+E2 transitions have been deduced
from coincident intensities (see Section 5.6). For all other transitions zero mixing has
been assumed. The resulting conversion coefficients have been calculated [99] and applied
to the final total transition intensities, which are used in the log ft calculations.
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Figure 5.11: The three sets of transitions, including level energies, level spin-parities and transi-
tion multipolarities, used in the electron conversion coefficient analysis. The transitions in bold
are those for which conversion coefficients are deduced using this analysis.
5.6 Conversion electron coefficients
The γγγ method of indirectly deducing conversion electron coefficients was described
in Section 2.3.5 as an alternative means of restricting transition multipolarities. The
approach requires gating on a higher-lying transition and comparing the coincident in-
tensities of two lower transitions, and so ideally an intense transition higher in the level
scheme would be used. Fig. 5.11 shows schematically the cascades used.
The electron conversion coefficient is inversely related to energy (see equations 2.42,
2.43) so higher-energy transitions can often be assumed to have little or no electron con-
version, simplifying the coefficient calculation for other transitions. From the cascades
detailed in Fig. 5.11, values of the conversion coefficient α for the 351 keV and 310 keV
transitions were deduced (all “calculated values” for α use ref. [95]). The non-β-gated
data from the 2014 experiment are used in the final calculations because of the better
signal-to-background ratio.
The 351 keV transition to the ground state is the strongest transition in the 207Tl
level scheme and the 1332 keV transition from the 1683 keV state is the strongest non-
isomeric feeding transition. The two transitions are between well-understood single-
particle states, and furthermore the 1332 keV transition is of a high enough energy that
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its rate of conversion is roughly zero. There are also no alternative transition paths
(see γn and γX in Fig. 2.8). There are two transitions feeding the 1683 keV state
with sufficient intensity: the 1591 keV and 1910 keV transitions, both from high-lying
(7/2−) states. These are shown in Fig. 5.11(a,b). This allows a reliable calculation of
the conversion coefficient of the 351 keV transition, leading to a mixing ratio δM1+E2.
One previous experiment [62] has measured the 351 keV mixing ratio to be equal to
+0.271(4), which would correspond to α351 = 0.243(4). If it is assumed that δM1+E2(1332
keV)=0.0 for the 5/2+ → 3/2+ transition, the conversion coefficient α(1332 keV)=0.008,
and is insensitive to changes in δ. The resulting conversion coefficients for the 351 keV
transition are 0.21(4) (cascade (a)) and 0.24(3) (cascade (b)). From this the result α(351
keV)=0.23(5) is reached. This leads to a mixing ratio limit |δM1+E2| ≤ 0.8, in agreement
with the results of Gorodetzky et al.. The corresponding total intensity for the 351 keV
transition, within uncertainty limits, would balance the summed transition intensity into
the 351 keV state.
The 310 keV (M1+E2) transition de-populates the 2986 keV (9/2−) state and popu-
lates the 2676 keV (7/2−) state, as shown in Fig. 5.11(c). The 993 keV transition is of a
higher energy and is almost certainly of E1 multipolarity. The zero-mixing assumption
leads to a conversion coefficient α(993 keV)= 0.002. The 648 keV transition feeds from
the (9/2−) state at 3634 keV. There are no alternative paths to the 310 keV , but the
94% branching ratio of the 993 keV transition must be corrected for. The result of the
calculation is the value α(310 keV)=0.4(1). This can be compared to the calculated
conversion coefficients αM1(310 keV)=0.36 and αE2(310 keV)=0.10. From this result it
is inferred that the level of mixing in the 310 keV is close to zero, and so the transition
is largely of M1 multipolarity.
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5.7 logft results
With the calculation of transition intensities and several pieces of information regarding
the β decay from 207Hg (T1/2 = 2.9(2) minutes, Qβ = 4.55(3) keV [4] and Jpi = 9/2+
for the decaying ground state [100]) a value of logft can be calculated for each observed
state. These values are listed in Table 5.3.
The single-particle 1/2+, 3/2+ and 5/2+ states, within error bars, are not populated
significantly by the β decay and so log ft results are not calculated for these states. The
decay from the parent state to these states would be of second-degree forbiddenness or
higher and so minimal population is expected. A value of log ft, or a lower limit in the
case of possible zero branching, is calculated for each of the other observed levels.
The results of the log ft analysis have been useful in assigning spin-parities in Section
7.1. The other application for these results is by comparison with calculated log ft
values, as this strengthens the relation between observed and theoretical levels and
hence improves our understanding of state character. However, accurate calculations
are not yet possible for this nucleus. First-forbidden transitions are more difficult to
account for than allowed transitions, and here they dominate the β decay population.
Accurate calculations including first-forbidden contributions have been demonstrated for
nuclei up to N = 126 [101,102]. However, for the excited states of interest here, both a
good understanding of the octupole phonon composition and the inclusion of N > 126
neutron orbitals are required. No such large-scale calculations currently exist.
5.8 Angular correlations
Angular correlation measurements have not previously been made at IDS. The primary
disadvantage of the set-up for these measurements is its limited granularity: the four
clover detectors are usually in close proximity to the implantation point (≈ 80 mm),
diluting observed angular intensity variations with a low value of Qk (Section 2.3.6).
86
Table 5.3: Compilation of β-decay intensity branching ratios and logft values for the decay of
207Hg into excited states in 207Tl, deduced in this work.
Level energy / keV Jpi Iβ / % log ft
0.0 1/2+ 0
351.2(2) 3/2+ -5(9)
1348.3(2) 11/2− 11(7) 7.2(4)
1682.8(2) 5/2+ -0.1(3)
2676.0(2) 7/2− 0.3(2) 7.8(3)
2709.3(6) 5/2− 0.02(2) > 8.7
2912.6(3) (9/2−) 6(2) 6.3(2)
2985.8(3) (9/2−) 40(5) 5.42(6)
3013.8(3) (7/2−) 0.21(5) 7.7(1)
3104.9(3) (9/2−) 21(3) 5.58(6)
3143.2(3) (9/2−) 8(1) 5.95(6)
3197.3(5) (5/2−) 0.001(1) > 9.5
3273.5(2) (7/2−) 2.3(3) 6.34(6)
3296.2(3) (9/2−) 3.2(4) 6.17(6)
3336.5(2) (9/2−) 6.7(8) 5.80(5)
3358.7(2) (9/2−) 3.8(4) 6.01(5)
3430.5(2) (7/2−) 0.70(8) 6.65(5)
3493.6(5) (5/2) 0.008(1) 8.50(8)
3569.7(4) (11/2) 0.12(2) 7.21(8)
3581.3(2) (9/2−) 0.20(2) 6.97(5)
3592.4(4) (7/2−) 0.14(2) 7.11(6)
3633.6(3) (11/2−) 0.70(8) 6.34(5)
3644.2(3) (11/2−) 0.28(4) 6.72(7)
3800.0(3) (9/2) 0.041(5) 7.27(6)
3850.0(4) (7/2) 0.022(6) 7.4(2)
3940.3(3) (11/2) 0.031(4) 7.08(6)
The Total Data Readout system allows for creative freedom in off-line analysis which
is useful in extracting information for angular correlations. Angles and distances are
calculated using the IDS CAD model.
The two experiments at IDS were designed for angular correlations between whole
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clover and cluster detectors. The 2014 experiment had two angles (at 70◦ between IDS
clovers and at 125◦ between clovers and the Miniball cluster), and the 2016 experiment
had three angles (at 70◦ again and at 96◦ and 139◦ between the IDS clovers and the off-
axis TIGRESS clover). This gives four angles in total with a large solid angle correction.
The decision was made to instead calculate correlations between individual crystals,
as this provides many more angles covering the full range, allowing for a more precise
calculation of W (θ).
5.8.1 Crystal-crystal correlations
In order to include add-back signals in crystal-crystal angular correlation measurements,
an assumption regarding the initial interaction point is necessary, as this affects the
angle between the two photons. The assumption made in this analysis is that the initial
interaction of the gamma ray deposits the largest amount of energy. The add-back is
otherwise applied in the same fashion: coincident signals in the same clover are summed,
and the gamma detection is assigned to the crystal in which the largest amount of energy
was deposited.
A CAD model of the detector set-up in three dimensions was used to calculate angles
between crystals. The interaction point for each crystal was approximated to lie at the
centre of mass. For the IDS clover crystals this is 35 mm behind the crystal face, while
for the longer TIGRESS clover crystals this is 45 mm behind the face.
5.8.2 Measuring angular distributions
W (θ) is the observed intensity of a gamma ray γ2 emitted at a relative angle θ to a
coincident (immediately preceding or following) gamma ray γ1, relative to the intensity
expected for an isotropic emission probability. Equation 5.2 shows the method of calcu-
lation of W for a cascade of γ1 immediately followed by γ2, with θ denoting the angle
between the two detectors involved. Factors such as electron conversion coefficient and
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Table 5.4: Number of crystal-crystal pairs per 5◦ angular bin. Filling two matrices (forward and
reverse coincidences) for each of the 160 pairs gives a total of 320 correlation matrices.
Angle 0–5◦ 5–10◦ 10–15◦ 15–20◦ 20–25◦ 25–30◦ 30–35◦ 35–40◦ 40–45◦
Pairs 0 1 2 1 1 3 3 7 10
45–50◦ 50–55◦ 55–60◦ 60–65◦ 65–70◦ 70–75◦ 75–80◦ 80–85◦ 85–90◦
2 14 12 15 8 19 24 18 20
branching ratio are not angle-dependent and so are cancelled out upon normalisation of
the whole distribution.
In order to analyse the angular correlations, several angles θ must be used to produce
a distribution W (θ) between 0◦ and 180◦ (symmetric around 90◦) which can be compared
to theoretical distributions. An array of detectors provides a number of different angles
for this purpose: the more detectors, and the more well-defined the angles between them,
the more well-constrained the resulting fit and hence the more rigorous the angular cor-
relation analysis. However, combining data from different detector pairs is incompatible
with equation 5.2 since each detector has a different efficiency. This problem is rectified
by correcting coincident counts for the detector efficiencies as follows.
To make the correlations, first the raw data is sorted in Grain to create a separate
coincidence matrix for every pair of crystals. This gives 320 two-dimensional matrices
in total for add-back coincidences between 20 crystals in five four-crystal clovers (for
each of the 20 crystals there is a matrix for add-back coincidences with each of the 16
crystals not in the same clover). For each of these matrices, every bin count (width 1
keV) is then divided by the efficiency factor, correcting for the efficiency of each crys-
tal, as given in equation 5.2. Eighteen bins of width 5◦, covering the range 0◦ to 90◦,
are defined, and the crystal pair matrices are sorted into these bins according to an-
gle, and summed, giving eighteen efficiency-corrected angular correlation matrices. For
example, the angle between crystal 1 and crystal 5 is 72.1◦, so the matrix containing
coincidences between those two crystals is corrected for the ‘efficiencies’ of crystals 1 and
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5 at every energy, and then summed with the other matrices in the 70 − 75◦ bin. To
perform correlations between γ1 and γ2, the x-axis is gated on E(γ1) and the coincident
(background-subtracted) integrated peak count at E(γ2) is extracted, for each of the
eighteen angular correlation matrices. The points produced make up the W (θ) distri-
bution, which is then normalised. The data point for each bin is plotted at the angle
corresponding to the mean angle in that bin.
As correlation coefficients can be derived from theory, a calculator was written in C
to produce exact values for comparison. This uses the equations detailed in Section 2.3.6
and was tested using the tabulated values in ref. [40].
5.8.3 Solid angle correction factor
Integration approach
The solid angle correction factor Qk, described in Section 2.3.6, can be calculated for
a particular detector using equations 2.53 and 2.54. This analytical method (the ‘first
interaction’ method) has been examined and compared with the results of Monte Carlo
simulated results [103] – a more exact but time-consuming method – where the authors
reported the results to be accurate to around 1% at the source-to-detector distances in
this analysis (around 80 mm). An additional 1% error is applied to the correlation data
to account for this.
To compute the integral the co-axial cylindrical germanium detector cross-section is
split into four Sections [43] as shown in Fig. 5.12. Experimentally the crystals do not
point directly at the tape, and are tapered rather than competely cylindrical. Therefore
this method is an approximation. Its accuracy is justified by the test correlations in
Section 5.8.4. The geometrical x (gamma-ray path length through detector material) and
β (angle of emission with respect to detector axis) ranges for each section are presented
in Table 5.5.
Each section is integrated separately. An adjustment is made for paths which pass
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Figure 5.12: Cross-section of a single germanium detector crystal and photon path lengths
through it. The shaded area of section 2′ is behind the inactive detector core electrode.
through the inactive core and back into active detector material (region 2′ in Fig. 5.12).
Here a coefficient is applied to account for the attenuation in the core,
X(β, γ) = e−τc(γ)x′(β) (5.4)
where τc(γ) is the attenuation coefficient of the core material and x′(β) is the path length
through the core.
For the IDS clover crystals, d=80 mm, w=50 mm, wc=10 mm, l=70 mm and lc=54
mm [83], while for the TIGRESS crystals d=90 mm, w=60 mm, wc=10 mm, l=90 mm
and lc=55 mm [104]. The crystal core is a cavity containing minimal electronics and a
thin electrode layer, meaning that its attenuation coefficient is effectively zero. Using
these dimensions in equations 2.53 and 2.54 it is found that Q2 = 0.955(5) and Q4 =
0.86(1), with minimal dependence on gamma-ray energy or crystals involved. Therefore
the same total solid angle correction factors (squared for coincidence) of Q22 = 0.91(1)
and Q44 = 0.74(2) are applied to all measured correlations.
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Table 5.5: Ranges of β, the angle from the detector axis, enclosed by each crystal section as
illustrated in Fig. 5.12. The dependence of path length through the active material, x, on β is
included for each section. For section 2, the first set of square brackets refers to the path through
the crystal up to the core, and the second set refers to the path through the material behind the
inactive detector core.
Section βlower βupper x
1 0 tan−1( wcd+l )
l−lc
cosβ
2 tan−1( wcd+l ) tan−1(
wc
d+l−lc )
[
l−lc
cosβ
]
+
[
d+l
cosβ − wcsinβ
]
3 tan−1( wcd+l−lc ) tan
−1( wd+l )
l
cosβ
4 tan−1( wd+l ) tan−1(
w
d )
w
sinβ − dcosβ
5.8.4 Test correlations
In order to verify that the angular correlation method used is reliable, it is necessary
to perform the measurement for several cascades of known A2, A4. From an extended
run with a 152Eu source a number of well-studied gamma rays from de-excitations in
the daughter nuclei are observed. The results are compared with previous experimen-
tal results as well as values calculated from experimentally established spins, parities,
multipolarities and multipolarity mixing ratios given in ref. [94].
The results of the 152Eu test correlations are shown in Fig. 5.13 and the full set of
observed, previously reported and calculated correlation coefficients are listed in Table
5.6. Coincidences in both 152Sm (with 122 keV) and 152Gd (with 344 keV) are used.
Reduced chi-squared values are included as a measure of the goodness of fit.
From Fig. 5.13 it is apparent that the theoretical and previous experimental trends
are reproduced, which supports the approach and the use of angular correlation mea-
surements in this analysis. The magnitudes of the A2 results are also largely correct,
which supports the method and the choice of solid angle coefficients. The sensitivity to
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Figure 5.13: Six test correlations from 152Eu decay. The transitions in each coincidence are
noted inset (in units of keV). For each plot the fit line (solid) is shown. The solid-angle-corrected
A2 values (and A4 values where relevant) are given for each fit. Previous experimental and
theoretical curves (dashed/dotted) are given. References in text.
exact A4 magnitudes, and therefore possibly Q4, is poor. However, these are not used
in the main analysis as correlations are between transitions of low multipolarity.
The source was positioned on the centre of the tape, at the intended beam position.
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Table 5.6: Theoretical, previous experimental [105–108] and presently observed γγ angular cor-
relation results for coincidences following 152Eu ε/β+ and β− decay. Theoretical correlation
coefficients are calculated using reported Ipi, σL, δ values from ref. [94].
Nucleus E / keV Ipi1 –Ipi2 –Ipi3 Data A2 A4
152Sm 244–122 4+–2+–0+ theory 0.10(1) 0
ref. [105] 0.11(1) 0.00(2)
this work 0.12(3) 0
152Sm 961–122 2+–2+–0+ theory 0.01 0.32
ref. [105] -0.02(2) 0.22(5)
this work 0.02(4) 0.11(7)
152Sm 1112–122 3+–2+–0+ theory -0.29 -0.08
ref. [105] -0.14(4) -0.08(2)
this work -0.19(4) 0.01(7)
152Sm 1408–122 3−–2+–0+ theory 0.22 0.00
ref. [106] 0.225(7) ≤0.02
ref. [107] 0.22(1) 0.02(1)
this work 0.19(3) 0
152Gd 586–344 2+–2+–0+ theory 0.08 0.31
ref. [108] 0.17(1) 0.28(2)
this work 0.13(13) 0.50(23)
152Gd 779–344 3−–2+–0+ theory -0.07 0.00
ref. [108] -0.10(2) 0.03(3)
this work -0.10(2) 0
If the beam were to be implanted at any other point then this would have an effect on
the experimental correlations but not the test correlations here. This can be partially
mitigated by 207Tl-specific efficiency corrections and run-specific efficiency corrections,
as described in the following section.
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Figure 5.14: Integrated peak count ratio for the 351 keV peak versus the 2634 keV peak in 207Tl,
for each clover crystal, for each A = 207 data set (run) during the 2016 experiment. Between
runs 16 and 34, there were no A = 207 runs recorded and the data acquisition system was reset.
5.8.5 Efficiency correction for 207Tl correlations
An error in, and subsequent restart of, the data acquisition system in the middle of the
second experiment led to a change in the relative efficiency responses of the germanium
crystals. This could be verified by comparison of the ratios of known energy peaks before
and after the stoppage, shown in Fig. 5.14.
Run 16 contains a significant amount of data and so must be included. It is clear
however from the behaviour of the intensity ratios in Fig. 5.14 that there is a change
in the crystal efficiency curves between run 16 and those following. Since the relative
efficiencies are important, the spread of intensity ratios is important. The spread for run
16 for the I(351) : I(2634) intensity ratio is around 3%, while that for the later runs is
<1%.
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This change in relative efficiency is accounted for in the results. The relative crystal
efficiency calculation method as described in Section 5.2.2 is performed twice, both
times using the same calibration source and 208Pb energy peaks, but one using 207Tl
energy peaks from run 16 (before the stoppage) and another from run 39 (after). The
correlation matrices are made separately for the two halves of the data, corrected using
the corresponding set of efficiency curves, and then summed into the final matrices.
The variation in relative efficiency within the post-stoppage runs is small (1%), and is
accounted for in the error analysis.
5.8.6 Results of angular correlation analysis
Angular correlations between successive gamma rays have been performed successfully
for several coincidences in 207Tl. The majority of the transition intensity from the excited
states of interest populates the 1.3 s isomer, and so correlations cannot be made between
these transitions and those lower in the level scheme. Of the remaining transitions
with sufficient statistics for useful analysis, many are of magnetic multipolarity (due to
the large number of negative-parity states with J ≈ 9/2), meaning that assumptions
cannot be made regarding the degree of mixing. The added degree of freedom limits the
conclusions which can be drawn from the data. The most useful correlations are those
which can be compared to un-mixed EL1-EL2 curves, followed by those which can be
compared to EL1-ML2 curves where multiple data sets can be used together to constrain
the possible mixing ratios for the ML2 transition. No firm experimentally-determined
mixing ratios are available, although a value δ(351 keV) = +0.271(4) for the most intense
transition in the decay scheme has been measured once previously [62].
In the following paragraphs, the data are plotted alongside selected theoretical curves,
corresponding to considered combinations of spin-parities, transition multipolarities and
multipole mixing ratios. Shaded regions indicate the possible calculated A2 results when
either one or both of the multipole mixing ratios are unconstrained. Fixed variables are
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indicated in the key. The solid angle factors Qk are applied to the comparison theoretical
curves so that they can be directly compared to the data and fit lines.
The extracted A-coefficients are the result of a linear least-squares fit, instrumentally
weighted (δy−2) for the uncertainties in the data, then corrected for solid angle. The
uncertainties on the A-coefficients include the calculated standard deviations of the fit
parameters and the uncertainties on the Q-coefficients.
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Figure 5.15: Angular correlation data for the 997-351 keV coincidence in 207Tl.
The M4+E5 997 keV transition de-populates the known 1348 keV pih−111/2 11/2
− state
and populates the known 351 keV pid−13/2 3/2
+ state, and the M1+E2 351 keV transition
populates the pis−11/2 1/2
+ ground state. There is no new spin-parity information to be
learnt from this correlation but the result does depend on the multipolarity mixing ratios
of the two transitions.
The result A2 = −0.10(2) is consistent with the possible trends for the known level
spin-parities with unknown multipolarity mixing ratios for both transitions, and also
97
consistent with most mixing ratios for the 351 keV transition. This is shown in Fig. 5.15.
Minimal mixing in both transitions would lead to a trend in line with observations.
There is an apparent lack of agreement with the narrow range of allowed A2 results
for the value of δ351 = +0.271 suggested by ref. [62].
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Figure 5.16: Angular correlation data for the 351-1332 keV coincidence in 207Tl.
The M1+E2 1332 keV transition de-populates the known 1683 keV pid−15/2 5/2
+ state
and populates the known 351 keV pid−13/2 3/2
+ state, and the M1+E2 351 keV transition
populates the pis−11/2 1/2
+ ground state.
The result A2 = −0.10(2) is consistent with the possible trends for the known level
spin-parities with unknown multipolarity mixing ratios for both transitions, and as for
the 351–997 keV coincidence is also consistent with most mixing ratios for the 351 keV
transition. This is shown in Fig. 5.16. The result is slightly inconsistent with δ351 =
+0.271(4).
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Figure 5.17: Angular correlation data for the 351-2358 keV coincidence in 207Tl.
The (E1) 2358 keV transition de-populates the 2709 keV (5/2−) state and populates
the known 351 keV pid−13/2 3/2
+ state, and the M1+E2 351 keV transition populates the
pis−11/2 1/2
+ ground state. The 2709 keV parent state is of interest because of its suspected
pis−11/2 × 3− character.
The result A2 = −0.09(3), shown in Fig. 5.17, is consistent with the spin-parity
assignment of 5/2− for the 2709 keV state, supporting its assignment as an octupole
state. Assuming zero mixing for the 2358 keV transition, the result is consistent with a
range of considered values for δ(351 keV).
2561 – 351 keV correlation
The (E3) 2561 keV transition de-populates the 2913 keV (9/2−) state and populates the
known 351 keV pid−13/2 3/2
+ state, and the M1+E2 351 keV transition populates the pis−11/2
1/2+ ground state. The 2561 keV transition is expected to be strongly mixed due to the
large octupole strength and the possible octupole pid−13/2 × 3− character of the 2913 keV
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Figure 5.18: Angular correlation data for the 351-2561 keV coincidence in 207Tl.
parent state.
The result A2 = −0.07(2), shown in Fig. 5.18, is consistent with (7/2, 9/2)− spin-
parity assignments for the 2913 keV state.
2634 – 351 keV correlation
The (E3) 2634 keV transition de-populates the 2986 keV (9/2−) state and populates
the known 351 keV pid−13/2 3/2
+ state, and the M1+E2 351 keV transition populates the
pis−11/2 1/2
+ ground state. The 2634 keV transition is expected to demonstrate octupole
multipolarity, and the parent 2986 keV state has possible pid−13/2 × 3− character.
The result A2 = −0.08(2), shown in Fig. 5.19, is consistent with the spin-parity
assignment of 9/2− for the 2986 keV state. The result is consistent with a range of
considered values for δ(351 keV).
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Figure 5.19: Angular correlation data for the 351-2634 keV coincidence in 207Tl.
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Figure 5.20: Angular correlation data for the 351-2753 keV coincidence in 207Tl.
2753 – 351 keV correlation
The (E3) 2753 keV transition de-populates the 3105 keV (9/2−) state and populates
the known 351 keV pid−13/2 3/2
+ state, and the M1+E2 351 keV transition populates the
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pis−11/2 1/2
+ ground state. The 2753 keV transition is expected to demonstrate octupole
character, and the parent 3105 keV state is a candidate for pid−13/2 × 3− character.
The result A2 = −0.09(2), shown in Fig. 5.20, is consistent with the spin-parity
assignment of 9/2− for the 3105 keV state. The result is consistent with a range of
considered values for δ(351 keV).
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Figure 5.21: Angular correlation data for the 351-2922 keV coincidence in 207Tl.
The (M2) 2922 keV transition de-populates the 3274 keV (7/2−) state and populates
the known 351 keV pid−13/2 3/2
+ state, and the M1+E2 351 keV transition populates the
pis−11/2 1/2
+ ground state. The 2922 keV transition is expected to be mixed, limiting the
conclusions which can be drawn from the correlation.
The result A2 = −0.11(3), shown in Fig. 5.21, is consistent with the spin-parity
assignment of 7/2− for the 3274 keV state. The result is consistent with a range of con-
sidered values for both mixing ratios. There is slight disagreement with a spin assignment
of 5/2.
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Figure 5.22: Angular correlation data for the 351-2985 keV coincidence in 207Tl.
The (E3) 2985 keV transition de-populates the 3337 keV (9/2−) state and populates
the known 351 keV pid−13/2 3/2
+ state, and the M1+E2 351 keV transition populates the
pis−11/2 1/2
+ ground state.
The result A2 = 0.02(5), shown in Fig. 5.22, does not support or rule out any
particular spin-parity assignment for the 3337 keV state.
993 – 1683 keV correlation
The (E1) 993 keV transition de-populates the 2676 keV (7/2−) state and populates the
known 1683 keV pid−15/2 5/2
+ state, and the E2 1683 keV transition populates the pis−11/2
1/2+ ground state. As this is expected to be an E1–E2 coincidence, it should allow a
direct test of spin-parities and ignore multipole mixing.
The result A2 = −0.17(2) is compared to the expected value A2 = −0.065 for a
Jpi(2676) = 7/2− assignment. This is shown in Fig. 5.23. The trend supports Jpi = 7/2−.
Either a systematic offset or a small degree of M2 mixing in the 993 keV transition
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Figure 5.23: Angular correlation data for the 1683-993 keV coincidence in 207Tl.
would bring the calculated result closer to observations. The results are at odds with
Jpi(2676) = 5/2−, for which a trend in the opposite direction would be expected.
1331 – 1683 keV correlation
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Figure 5.24: Angular correlation data for the 1683-1331 keV coincidence in 207Tl.
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The (E1) 1331 keV transition de-populates the 3014 keV (7/2−) state and populates
the known 1683 keV pid−15/2 5/2
+ state, and the E2 1683 keV transition populates the
pis−11/2 1/2
+ ground state.
The result A2 = −0.13(3) is consistent with the expected value A2 = −0.065 for a
Jpi(3014) = 7/2− assignment. This is shown in Fig. 5.24. The results are at odds with
Jpi(3014) = 5/2−.
1591 – 1683 keV correlation
1591 (E1)
1683 E2
1/2+
5/2+
(7/2 )
0
1683
3274
 0.4
 0.6
 0.8
 1
 1.2
 1.4
 1.6
 0  0.2  0.4  0.6  0.8  1
W(θ)
cos
2θ
W2(θ)
A2 = -0.16(3) χ
2
 = 0.95409
E1-E2, J
pi
3274=5/2
-
E1-E2, J
pi
3274=7/2
-
Normalised fit to data
Data
Figure 5.25: Angular correlation data for the 1683-1591 keV coincidence in 207Tl.
The (E1) 1591 keV transition de-populates the 3274 keV (7/2−) state and populates
the known 1683 keV pid−15/2 5/2
+ state, and the E2 1683 keV transition populates the
pis−11/2 1/2
+ ground state. The strength of the 1591 keV transition means that this
coincidence is a useful test of the method applied to a state with no previous spin or
parity assignment.
The result A2 = −0.16(3) is compared to the expected value A2 = −0.065 for a
Jpi(3274) = 7/2− assignment. This is shown in Fig. 5.25. A degree of M2 mixing in the
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1591 keV transition would bring the calculated result closer to observations. The result
supports a Jpi = 7/2− assignment for the 3274 keV state and helps to rule against a
Jpi = 5/2− assignment.
1910 – 1683 keV correlation
1910 (E1)
1683 E2
1/2+
5/2+
(7/2 )
0
1683
3592
 0.4
 0.6
 0.8
 1
 1.2
 1.4
 1.6
 0  0.2  0.4  0.6  0.8  1
W(θ)
cos
2θ
W2(θ)
A2 = -0.13(4) χ
2
 = 1.37378
E1-E2, J
pi
3592=5/2
-
E1-E2, J
pi
3592=7/2
-
Normalised fit to data
Data
Figure 5.26: Angular correlation data for the 1683-1910 keV coincidence in 207Tl.
The (E1) 1910 keV transition de-populates the 3592 keV (7/2−) state and populates
the known 1683 keV pid−15/2 5/2
+ state, and the E2 1683 keV transition populates the
pis−11/2 1/2
+ ground state.
The result A2 = −0.16(3) is compared to the expected value A2 = −0.065 for a
Jpi(3592) = 7/2− assignment. This is shown in Fig. 5.26. A degree of M2 mixing in the
1910 keV transition would bring the calculated result closer to observations. The result
supports a Jpi = 7/2− assignment for the 3592 keV state and helps to rule against a
Jpi = 5/2− assignment.
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Figure 5.27: Angular correlation data for the 1332-993 keV coincidence in 207Tl.
993 – 1332 keV correlation
The (E1) 993 keV transition de-populates the 2676 keV (7/2−) state and populates the
known 1683 keV pid−15/2 5/2
+ state, and the M1 1332 keV transition populates the pid−13/2
3/2+ state.
The result A2 = −0.05(2) is consistent with both the 5/2− and 7/2− spin-parity
assignments for the 2676 keV state. This is shown in Fig. 5.27.
1591 – 1332 keV correlation
The (E1) 1591 keV transition de-populates the 3274 keV (7/2−) state and populates the
known 1683 keV pid−15/2 5/2
+ state, and the M1 1332 keV transition populates the pid−13/2
3/2+ state.
The result A2 = −0.06(2) is consistent with both the 5/2− and 7/2− spin-parity
assignments for the 3274 keV state. This is shown in Fig. 5.28. Spin-parity assignment
7/2− and small mixing in either transition would lead to complete agreement with the
observed trend.
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Figure 5.28: Angular correlation data for the 1332-1591 keV coincidence in 207Tl.
1910 – 1332 keV correlation
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Figure 5.29: Angular correlation data for the 1332-1910 keV coincidence in 207Tl.
The (E1) 1910 keV transition de-populates the 3592 keV (7/2−) state and populates
the known 1683 keV pid−15/2 5/2
+ state, and the M1 1332 keV transition populates the
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pid−13/2 3/2
+ state.
The result A2 = −0.04(3) is consistent with both the 5/2− and 7/2− spin-parity
assignments for the 3592 keV state. This is shown in Fig. 5.29.
648 – 2634 keV correlation
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Figure 5.30: Angular correlation data for the 2634-648 keV coincidence in 207Tl.
The (M1) 648 keV transition de-populates the 3634 keV (9/2, 11/2)− state and pop-
ulates the 2986 keV (9/2−) state, and the (E3) 2634 keV transition populates the pid−13/2
3/2+ state.
The result A2 = 0.16(5) is consistent with 9/2−, 11/2− and 13/2− spin-parity assign-
ments for the 3634 keV state. This is shown in Fig. 5.30. A 13/2− assignment would not
allow any mixing but is compatible with the measured A2 result. Jpi = 9/2±, 11/2− are
permitted by the observed trend, but 11/2+ is ruled out as the trend is in the opposite
direction and the positive-parity assignment would not allow for mixing.
109
310 (M1)
993 (E1)
5/2+
(9/2 )
1683
2676
2986
(7/2 )
 0.4
 0.6
 0.8
 1
 1.2
 1.4
 1.6
 0  0.2  0.4  0.6  0.8  1
W(θ)
cos
2θ
W2(θ)
A2 = -0.11(2) χ
2
 = 1.10102
M1-E1, J
pi
2676=7/2
-
, J
pi
2986=9/2
-
Normalised fit to data
Data
Figure 5.31: Angular correlation data for the 993-310 keV coincidence in 207Tl.
310 – 993 keV correlation
The (M1) 310 keV transition de-populates the 2986 keV (9/2−) state and populates the
2676 keV (7/2−) state, and the (E1) 993 keV transition populates the pid−15/2 5/2
+ state.
The result A2 = −0.11(2) is consistent with a 7/2− spin-parity assignment for the
2676 keV state and a 9/2− assignment for the 2986 keV state. This is shown in Fig.
5.31. The difference between the un-mixed trend and the results is resolved with a small
amount of mixing in the M1 transition. The result is also compatible with the measured
electron conversion coefficient for the 310 keV transition.
429 – 993 keV correlation
The (M1) 429 keV transition de-populates the 3105 keV (9/2−) state and populates the
2676 keV (7/2−) state, and the (E1) 993 keV transition populates the pid−15/2 5/2
+ state.
The result A2 = −0.11(3) is consistent with a 7/2− spin-parity assignment for the
2676 keV state and a 9/2− assignment for the 3105 keV state. This is shown in Fig.
5.32. The difference between the un-mixed trend and the results is resolved with a small
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Figure 5.32: Angular correlation data for the 993-429 keV coincidence in 207Tl.
amount of mixing in the M1 transition.
682 – 993 keV correlation
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Figure 5.33: Angular correlation data for the 993-682 keV coincidence in 207Tl.
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The (M1) 682 keV transition de-populates the 3359 keV (9/2−) state and populates
the 2676 keV (7/2−) state, and the (E1) 993 keV transition populates the pid−15/2 5/2
+
state.
The result A2 = −0.04(3) is consistent with a 7/2− spin-parity assignment for the
2676 keV state and a 9/2− assignment for the 3359 keV state. This is shown in Fig.
5.33.
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Figure 5.34: Angular correlation data for the 1564-423 keV coincidence in 207Tl.
The (M1) 424 keV transition de-populates the 3337 keV (9/2, 7/2)− state and pop-
ulates the 2913 keV (9/2, 7/2)− state, and the (M1) 1564 keV transition populates the
pih−111/2 11/2
− isomeric state.
The result A2 = −0.29(2) is consistent with 9/2− assignments for the 2913 keV and
3337 keV states. Assuming Jpi = 9/2− for the 3337 keV state, and that an E2 1564
keV transition would be un-mixed, this correlation does not support Jpi = 7/2−. This is
shown by the shaded region in Fig. 5.34. It does however allow for Jpi = 9/2−.
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446 – 1564 keV correlation
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Figure 5.35: Angular correlation data for the 1564-446 keV coincidence in 207Tl.
The (M1) 446 keV transition de-populates the 3359 keV (9/2, 7/2−) state and pop-
ulates the 2913 keV (9/2, 7/2)− state, and the (M1) 1564 keV transition populates the
pih−111/2 11/2
− isomeric state.
The result A2 = −0.28(2) is consistent with 9/2− assignments for the 2913 keV and
3359 keV states. Assuming Jpi = 9/2− for the 3359 keV state, and that an E2 1564 keV
transition would be un-mixed, this correlation does not allow Jpi = 7/2−. This is shown
by the shaded region in Fig. 5.35. It does however allow for Jpi = 9/2−. This supports
the result from the correlation between the 424 keV and 1564 keV transitions.
648 – 1637 keV correlation
The (M1) 648 keV transition de-populates the 3634 keV (9/2, 11/2)− state and populates
the 2986 keV (9/2−) state, and the (M1+E2) 1637 keV transition populates the pih−111/2
11/2− isomeric state.
Assuming Jpi = 9/2− for the 2986 keV state, the result A2 = −0.37(3) is consistent
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Figure 5.36: Angular correlation data for the 1637-648 keV coincidence in 207Tl.
with a 9/2 or 11/2 spin assignment for the 3634 keV state. This is shown by the grey
shaded region in Fig. 5.36.
It is possible to rule out a 13/2− assignment using the observed trend, but 9/2 and
11/2 spin assignments are possible. By allowing mixing in both transitions, negative
parity is consistent with either of these spin assignments. However, if the value of δ for
the 648 keV transition is fixed to zero – as it would be for a positive-parity assignment
– then A2 has a minimum value of -0.09 for a spin-parity assignment of 11/2+, and
a minimum of -0.44 for an assignment of 9/2+. Therefore the 11/2+ assignment is
experimentally ruled out. Furthermore, it is found that for any of the three remaining
spin-parity assignments (9/2−, 9/2+, 11/2−), a mixing ratio of |δ| ? 0.5 is required for
the 1637 keV transition in order to replicate the observed trend.
5.8.7 Summary of results of angular correlation measurements
These angular correlation measurements are important in supporting spin-parity assign-
ments for (7/2−) states, using the coincidences of the E1 de-populating transitions with
114
the E2 pid−15/2 → pis−11/2 transition. Other correlations support a 9/2− assignment for the
2913 keV state and do not support a 7/2− assignment. This has relevance to the eventual
discussions of collective octupole character. Direct relation of angular correlation results
to state configurations and character is not possible, as many states in this level scheme
share the same spin-parities.
While for the E1–E2 correlations the observed trends have the correct sign, the A2
values extracted from the data are not exactly equal to those expected assuming zero
mixing. Because of this possible lack in precision, only general conclusions regarding
mixing ratios have been discussed, and no exact δ-values are suggested. It is noted that,
using the exact A2 results, the correlations of the 351 keV M1+E2 transition with (E3)
feeding transitions leads to δ351 ≈ +0.1, and in turn the correlations of the 1332 keV
M1+E2 transition with the 351 keV M1+E2 transition and (E1) feeding transitions leads
to δ1332 ≈ +0.5. These values agree well with all measured trends, and this result for
351 keV would not be in conflict with the results of the electron conversion coefficient
calculation (Section 5.6).
A further important note is that the multipolarity mixing ratio δ351 = +0.271(4)
reported in ref. [62] results in virtually flat trends for all correlations with the 351 keV
transition, which is not supported by the current results.
5.9 Non-observation of the pig−17/2 state
In this section and in later sections discussing the ∆n = 0 selection rule, the theoretical
notation (n = 0, 1, 2, ...) is used for the radial quantum number.
5.9.1 Overview of the approach
The single-proton-hole states 2s1/2, 1d3/2, 0h11/2 and 1d5/2 are the four lowest-energy
states in 207Tl. The next particle state is the 0g7/2 proton hole state at 3474(6) keV [4],
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populated in a number of previous particle-transfer experiments [63,97–99,109,110], but
not populated in the previous β-decay experiment [11].
Following γγ and βγγ analysis of the data collected in the IS588 experiments at
ISOLDE, no γ transitions into or out of this pi0g−17/2 state are observed. In order to
deduce a limit on the value of log ft for the population of this state in the β decay, four
unobserved L = 1, 2 de-populating transitions, expected to dominate the branching from
the state, are evaluated: a 3123 keV E2 transition to the 3/2+ state at 351 keV; a 1791
keV M1+E2 transition to the 5/2+ state at 1683 keV; a 798 keV E1 transition to the
7/2− state at 2676 keV; and a 765 keV E1 transition to the 5/2− state at 2709 keV. For
these four non-observations upper strength limits are obtained using the visibility limits
in the βγγ coincidence spectra. These are shown in Fig. 5.37.
A statistical limit on the intensity of an unobserved transition can be deduced from the
uncertainty on the background area, Iγ < N
√
2A. These estimates sampled integrated
counts using standard peak widths, taken from the widths of other observed coincident
peaks in the same βγγ spectra. Integrals were sampled at all possible energies within
2σ = 12 keV of the central peak energy estimates, and the highest result taken for each.
The upper gamma-ray emission probability limits deduced are 1.07× 10−3%, 3.86×
10−3%, 3.21× 10−3% and 1.43× 10−3% for the 3123, 1791, 798 and 765 keV transitions
respectively.
5.9.2 Predicted branching ratios
To improve the log ft limit, a quantitative evaluation is possible, shown in Table 5.7.
If M1, E1 and E2 transition strengths are known then branching ratios for the four
transitions can be inferred. If any can be assumed to be relatively insignificant then their
non-observation is explained, and they need not be considered in the log ft calculation.
M1 and E2 transition strengths are estimated here using shell model calculations as-
suming pure (0g7/2, 1d, 2s) proton hole states and standard effective E2 proton charge
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Figure 5.37: Four coincidence spectra for gamma-ray transitions expected to de-populate the
unobserved 3474(6) keV pi0g−17/2 state. Red Gaussian curves represent the peak observation limit,
using the statistical uncertainty presented by the background counts to an accuracy of 2σ.
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Table 5.7: Predicted branching ratios for the four important transitions de-populating the 3474(6)
keV state. Mixing was considered for the M1+E2 1791 keV transition only. Transition strengths
are calculated as described in text.
Eγ / keV σL B(σL) / W.u. Branching %
3123 E2 2.07 92.3
1791
M1 0.0041
1.9
E2 0.23
798 E1  10−3  3.1
765 E1  10−3  2.7
of 1.5e [65,68,111]. To obtain the strength of the l-forbidden g7/2 →d5/2 M1 transition,
a gp[s× Y2] tensor term into the effective operator [112,113] was introduced, and com-
parison was made with the analogous d3/2 →s1/2 transition in this nucleus. Adopting
the 0g7/2–1d5/2 vs. 1d3/2–2s1/2 scaling calculated for a 132Sn core in the same model
space [113], and considering the radial overlaps of the involved orbitals, the B(M1) value
of 0.0041 W.u. was obtained. E1 transition strength limits were estimated from sys-
tematics of this region of the nuclear chart, in which observed B(E1) values generally
vary from a maximum of 10−3 W.u. down to 10−5 W.u., but also occasionally take even
smaller values down to around 10−8 W.u. [3–5].
From the evaluation, it is shown that the 3123 keV E2 transition is expected to
dominate. Following this is the 1791 keV M1+E2 transition. Given that the typical E1
strength is an order of magnitude smaller than that listed in Table 5.7, the 765 and 798
keV E1 transitions are expected to account for less than 1% branching each.
5.9.3 Calculated log ft limits
One approach is to exclude transitions based on the evaluation of their expected inten-
sities. If the 3123 keV transition is assumed to be dominant with a minimum branching
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ratio of 90%, then this leads to a limit on the maximum possible β decay branching to
the 3474(6) keV state, Iβ < 1.2 × 10−3%. This gives the limit log ft > 9.3. However,
in order to reduce reliance on the shell model calculations, all possible branching ratios
between the four transitions are considered. In this case, the absolute experimental
limit on the β decay branching would correspond to strong branching through the 1791
keV transition. This leads to a maximum population Iβ < 3.9 × 10−3% and the result
log ft > 8.8.
Assuming that all de-populating γ intensity is accounted for by β feeding and with
no γ transitions populating from above, the calculation-independent result log ft > 8.8
is used for the 3474(6) keV state.
Population of this state through β decay from the (9/2+) parent state is, according to
the general spin and parity rules of β decay discussed in Section 2.2, an allowed transition,
and would be expected to occur at a higher rate than transitions to the surrounding
negative-parity states. A result of log ft > 8.8 is greater than the 4 < log ft < 6
normally observed for such a transition. Similar phenomena have been observed in other
nuclei, and include the non-observation of the allowed population of the 1/2+ daughter
state in the β decay from 209Tl into 209Pb [8,9,114]. Datar et al. placed an experimental
limit log ft > 8.35 on the transition [9], and, referencing predictions by Lawson [8] for
that decay, they explain that the effect results from destructive interference between the
small amount of Coulomb-permitted population and the 3p−2h final-state wavefunction
contributions [115].
5.10 208Hg half-life measurement
A small amount of the beam-time during the 2016 experiment was devoted to production
of 208Hg, both to test the target capabilities and also to verify a recently recorded half-
life for the nucleus. Previously a half-life T1/2 = 41(5) minutes was reported [96, 116].
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Figure 5.38: Exponential fit of the observed implantation and decay of 208Hg. The counts taken
between 0–539 s were during the implantation, and the counts taken between 539–1078 s were
during the decay, while the beamgate was closed.
However, results from a more recent experiment have suggested a far shorter half-life of
132(50) seconds [117].
An arrangement of analogue electronics was prepared for this measurement. Nuclei
were collected for around ten minutes on the tape, after which the beamgate was closed
for the same amount of time. This was repeated for several hours. The data were
assigned β detection timestamps relative to the closure of the beamgate. Therefore the
timestamps would reset every twenty minutes and build statistics over many cycles.
The resulting curve is shown in Fig. 5.38. Fits of the implant and decay give a
half-life T1/2(208Hg) = 137(9) s, in agreement with the results of ref. [117] and with a
significantly improved uncertainty.
5.11 Measurements on A = 209, 210
During the 2016 experiment, a short time was spent checking yields on higher masses.
The β-gated γ spectra are shown in Figs. 5.39 and 5.40.
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Figure 5.39: β-gated γ spectrum recorded during a run on the A = 209 GPS separator setting
during the 2016 experiment. The identified peaks are labelled by the β+/EC-decaying isotope.
The spectra show that no Hg or Tl isotopes were observed decaying on the tape
during these runs. Almost all of the peaks in the A = 209 spectrum result from the
extraction of At isotopes from the target. There are no peaks observed from later in the
decay chain as 208,209Po are long-lived. A peak at an energy of 408 keV may indicate that
a small amount of 209Rn was also detected. In the A = 210 spectrum the majority of
peaks appear to originate from the decay of At isotopes, with no other peaks identified.
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Figure 5.40: β-gated γ spectrum recorded during a run on the A = 210 GPS separator setting
during the 2016 experiment. The identified peaks are labelled by the β+/EC-decaying isotope.
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Chapter 6
Discussion: Observation of the
∆n = 0 selection rule
6.1 Relations between shell model orbitals
6.1.1 Mixing considerations
If other Jpi = 7/2+ configurations contribute to the wave function of the 7/2+1 state
in 207Tl – thus far assumed to possess single-proton-hole character only – then they
could lead to mixing and interference effects affecting the β-decay population of the
state, as was discussed by Datar et al. for decay into the 1/2+ state in 209Pb. Past
spectroscopic factor measurements indeed imply that the pi0g−17/2 orbital is dominant but
with significant mixing [97].
The 7/2+2 state in 207Tl is expected to consist predominantly of octupole coupling
with the pi0h−111/2 orbital (see Tables B.1, B.2, Appendix) and lie only a few hundred keV
above the yrast state. Therefore this excitation might also be expected to contribute
some strength to that yrast state. However, vector coupling coefficients lead to the
expectation of minimal mixing because the phonon coupling is not stretched (ref. [118]
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Figure 6.1: β decay transitions relevant to the population of the yrast 7/2+ state in 207Tl by
decay from the 9/2+ ground state of 207Hg. (a) shows the decay to the pi0g7/2 orbital. (b) shows
decays to 2p − 3h final-state configurations, which are dominated by allowed decays from the
f,h,i neutron orbitals below the shell gap into their equivalent proton orbitals. (c) shows allowed
decays to 1p− 2h final-state configurations.
p. 418). Instead, 2p − 3h final-state configurations, resulting from N < 126 decay into
Z > 82 orbitals, are considered. These are shown in Fig. 6.1(b). The 1p− 2h final-state
configuration shown in Fig. 6.1(c) is not expected to contribute significantly to the 7/2+1
state and is not included in calculations.
Shell-model calculations were performed using the KHH7B interaction (Section 3.2.1)
with an expanded model space allowing hole states pi(g7/2, d, s1/2, h11/2) and ν(h9/2, f, p,
i13/2) to be excited to selected particle states pi(h9/2, f7/2, i13/2) and ν(g9/2, i11/2). These
predict a 78% pi0g−17/2 strength in the 7/2
+
1 state. The calculated Gamow-Teller strength
and an assumed quenching factor of 0.56 [111] lead to the predicted result log ft = 8.53
for the unobserved state. This is around twice the experimentally determined upper limit
on the feeding intensity, and therefore an uncertainty of at least 50% in the shell-model
prediction would reconcile the two results.
The calculations are elaborated upon in Appendix C. It is important to note that
inconsistent experimental and theoretical results for the spectroscopic factor C2S of the
7/2+1 state make predictions very difficult. Furthermore, a lack of precise knowledge
of 7/2+ states in 207Tl and of the collective octupole phonon rules out calculations
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containing all of the states necessary for full accuracy. Future work would ideally combine
particle transfer production mechanisms, known to populate the 7/2+1 state (and possibly
the 7/2+2 state as well [97]), with gamma-ray spectroscopy for precise state energies.
6.1.2 The state at 3494 keV
Experimental results for the energy of the 7/2+1 state at 3474(6) keV come from particle
energy measurements [63, 97–99, 109, 110] and so have uncertainties of several keV. The
state at an energy of 3494 keV, observed weakly in this experiment, lies more than three
standard deviations away in energy. Given that multiple measurements place the 3474
keV at a lower energy, with similarly small error bars, it is not thought that this is the
7/2+1 state. However, it is noted that the observed β-feeding intensity of 8(1)× 10−3 %
and log ft = 8.53(9) for the 3494 keV state are in line with the predictions for the 7/2+1
state when accounting for 2p− 3h mixing as described.
6.1.3 The overlap integral and radial parameters
Using the equation 2.26 and working through the reduced transition matrix element
Mfi for an allowed Gamow-Teller transition as shown in Section 2.2 leads to equation
2.33. This gives the reduced transition matrix element 〈ψnf lf jf ||τ±σ||ψniliji〉, and hence
the experimental ft result, in terms of the overlap integral between the parent and
daughter orbitals and a normalisation constant specific to the decay. For this decay,
jˆi =
√
8, jˆf =
√
10, W = 0.19245, and shell model calculations in the pih− νp space give
α7/2 = 0.095 for the contribution of the pi0g−27/2 proton-hole pair to the
207Hg ground
state. This information leads to the overlap integral limit |L| < 0.019.
The overlap integral has a strong dependence on the radial parameters of the orbitals
involved in the decay. If assumptions are made regarding the nuclear potential, from the
result, relative values for these radius parameters may also be inferred. The potential
depth – i.e. the radial probability distribution – for each of the two orbitals is calcu-
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Figure 6.2: The neutron ν1g9/2 and proton pi0g7/2 radial wavefunction amplitudes A(r), cal-
culated using standard parameters (Rp,n = 1.25A1/3 fm, a = 0.65 fm, Sp,n = 3.9, 3.61 MeV,
VSO = 6.0 MeV) in a Woods-Saxon potential, with convolution (purple) and resulting integral
(black).
lated here using a Woods-Saxon potential, with experimentally-established proton and
neutron separation energies of 3.9 MeV and 3.6 MeV respectively [4], a spin-orbit poten-
tial strength VSO = 6.0 MeV, a diffuseness of a = 0.65 fm, and a fixed neutron radius
parameter rν = 1.25 (×A1/3 fm). The resulting plot of the neutron and proton radial
wave functions, for a proton well radius consistent with the integral result L =+0.019,
is shown in Fig. 6.2.
Variation of the proton radius parameter probes the relation between the radii of the
pi0g7/2 orbital and the ν1g9/2 orbital. From the integral result, it follows that the proton
well radius is between 0% and 1.5% larger than the neutron well radius. The result,
and its dependence on the absolute value assumed for rν , is illustrated in Fig. 6.3. This
information is of use in neutron skin and reaction cross-section predictions.
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Figure 6.3: The value of the overlap integral between the pi0g7/2 and ν1g9/2 orbitals, calculated
using a Woods-Saxon potential, with respect to the ratio between the proton (r(p)) and neutron
(r(n)) well radius parameters. Different curves correspond to different assumed values for the
neutron well radius parameter.
6.2 Estimated effects on half-lives
For the 209Tl and 207Hg ∆n = 0 decays which have now been quantified, it is possible
to estimate the effect that the n-forbiddenness of the allowed transitions has on the
overall half-life of the β decay. This effect is of interest because β-decay half-lives are
fundamental to the production of nuclei along the r-process waiting points.
If the log ft limits are replaced with the modal average for allowed decay – roughly
5.8 for both Fermi and Gamow-Teller decay [29] – then equivalent branching ratios can
be calculated. As a result the decay in 207Hg would have a branching ratio of 5%, while
the decay in 209Tl would have a branching ratio of 20%. The result of this is that the
half-lives would be shortened by around 7% and 20% respectively.
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Figure 6.4: β decays south-east of 208Pb highlighted for observation of the ∆n = 0 selection
rule, with corresponding orbital diagrams showing the relevant ∆n = 0 transitions from neutron
particles (filled circles) into proton holes (empty circles).
6.3 Implications for r-process nuclei
The effect of the ∆n = 0 rule around 208Pb is only significant for N > 126 and Z < 82.
The contributions (α) of the relevant orbitals to the wave functions involved in the β
decay are small when close to the closed proton and neutron shells (as is the case for the
decay of 209Tl [9] and 207Hg, the only such studies in this region to date). As neutrons
are added and protons are removed, taking the decay further south-east of 208Pb, these
contributions increase.
In the β-decaying ground state of 207Au, for example, the pi2s1/2 orbital is largely
empty with a hole in the pi1d3/2 orbital. There is an opportunity to calculate the
contribution of the ν2d orbitals to the decaying ground state and study the branching
into ν2d states in 207Hg. This would be another example of the effect of the ∆n = 0
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rule. The relevant decays in this region are shown in Fig. 6.4.
The region south-east of 132Sn lies far from stability but observation of the effect of
the ∆n = 0 rule could still be possible. The β decay of the ν1f7/2 ground state orbital
in 131Cd into the pi0f5/2 orbital in 131In [119] is one promising option. Decay into the
2750 keV (pi0f−15/2) state was given a theoretical limit log ft ≥ 6.5 [120] but with no
discussion of the selection rule. A further experiment [7] reported non-observation of
the decay into the (pi0f−15/2) state and did discuss this in terms of the selection rule, but
statistics were not high enough for a log ft limit. The β decay of a pi1p−11/2 low-lying
isomeric state in 133In into ν2p states in 133Sn [121] presents another possibility for
further study. These two decays are shown in Fig. 6.5. They would have the advantage
that the dominant orbital in the decaying state, in both cases, is the orbital of interest.
Furthermore, no minority configurations would be expected to populate the daughter
states of interest (no more than second-forbidden). The major disadvantage is the high
Qβ ≈ 13 MeV [119, 121] for both decays. This results in likely γ population of the
daughter states of interest from states higher in the level scheme, increasing statistical
uncertainty on the non-population. This highlights an advantage of the present work:
the relatively low Qβ(207Hg) ≈ 4.5 MeV means that there is no γ population of the
pi0g7/2 state.
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For many of these decays, the same effect could be observed for the analogous decay
of the N + 2 isotope. The effect could even be enhanced, for example in the decays
of heavier even-N gold nuclei, as the addition of neutrons would increase the initial-
state population of the ν2d5/2 orbital (see Fig. 6.4(a)). Analogous decays can also
occur in Z − 2 isotones. Adding neutrons or removing protons makes the nucleus more
difficult to produce and reduces the accuracy of single-particle assumptions and mixing
calculations. However, it also puts the decay closer to the r-process waiting-point nuclei,
for which the nucleosynthesis pathway passes N = 126 for Z ≈ 60–70 [122]. The balance
between neutron capture rate and β-decay half-life along the r-process pathway is of
great importance to the production of heavy nuclei.
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Chapter 7
Discussion: Structure of 207Tl
7.1 Spin-parities
A total of 26 states in 207Tl have been observed in this analysis, 22 of which are thought to
result from collective and three-particle excitations. The primary aim of the analysis was
the classification of states resulting from octupole coupling. In this Section the existence
and, where possible, the classification of each of the observed states is justified. Refer-
ences are made to the log ft results compiled in Table 5.3 (and the empirical estimates
summarised in Fig. 2.6), the angular correlation results of Section 5.8.6, the transition
data including relative transition strength estimates compiled in Table A.1, and the re-
lation of observations to the results of KHM3Y shell model calculations, described in
Section 3.2 and the results of which are compiled in Tables A.2, B.1 (Appendix).
For the states observed at energies of 2676 keV and above, no definitive assignments
have previously been made. Existing tentative assignments largely consider only branch-
ing ratios of gamma-ray transitions, with minimal consideration for the states expected
to exist in this region. For example, no positive-parity coupled states are likely to exist
at energies below roughly 3.5 MeV, but the states at 2676, 2986 and 3105 keV had been
suggested to have positive parities [4]. The predictions of calculations are considered
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when making the following assignments, but experimental arguments are used wherever
possible. Positive parities are considered unlikely below approximately 3.5 MeV; the
weak coupling, weak mixing approximation would place the pih−111/2 × 3− states around
4.0 MeV in energy. Exact character assignments are difficult for higher-energy states –
partially due to the low statistics for many transitions, but also due to the uncertainty
in the shell model calculations resulting from the high energy density of states with
similar spin-parities. Tentative spins and parities are given here in brackets, and are
noted with the preferred assignments first, followed by other possible assignments. As
multipolarities and relative transition strengths (listed in the Tables in the Appendices)
require exact spin-parities, the preferred assignments are used in the discussion. The
possible spin-parity assignments for each observed state are discussed below. A level
scheme, containing all states and transitions in 207Tl observed in this work, is shown in
Fig. 7.1.
2676.0(2) keV 7/2− state
Transitions from this state populating the 1/2+ and 11/2− states allow the spin-parity
assignments 7/2− and 5/2+ only. The branching to the 11/2− state and the population
from (9/2−) states above (3105, 3337, 3359 keV) are too great for a 5/2+ assignment.
This leads to a confident spin-parity assignment 7/2−. The log ft value of 7.8(3) is
consistent with a first-forbidden decay and is too low for a unique first-forbidden or
second-forbidden transition.
Angular correlation measurements are made for the coincidences between the 993 keV
transition and the 1332 keV M1 and 1683 keV E2 transitions (Figs. 5.23, 5.27). The
993–1683 keV correlation results support a 7/2− spin-parity assignment for the 2676 keV
state, and would not support a 5/2− assignment.
This state is confidently assigned pis−11/2 × 3− octupole character. This is discussed in
Section 7.2.1.
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2709.3(6) keV 5/2− state
Transitions from this state populating the 1/2+ and 3/2+ states require J < 9/2 and the
lack of a transition feeding the 11/2− state implies Jpi 6= 7/2−. Weaker γ population from
above compared to the 2676 keV state further suggests a spin J < 7/2. A (5/2−, 7/2−)
doublet is expected to lie around this energy and, given the proximity of this state to
the 2676 keV state assigned 7/2−, a spin-parity of 5/2− is asserted for this state. The
limit log ft > 8.7 is consistent with unique first-forbidden decay.
The 2358 keV transition has sufficient statistics for angular correlation measurements
with the 351 keV transition (Fig. 5.17). The results are consistent with both a 5/2−
and a 7/2− spin-parity assignment.
This state is confidently assigned pis−11/2 × 3− octupole character. This is discussed in
Section 7.2.1.
2912.6(3) keV (9/2, 7/2)− state
Transitions from this state populating the 3/2+ and 11/2− states allow the spin-parity
assignments 9/2−, 7/2 and 5/2+. The high intensity of the 1564 keV transition feeding
the 11/2− state, relative to the weaker transition feeding the 3/2+ state, restricts the
assignments to Jpi = (7/2, 9/2)−. The branching ratios from this state differ systemati-
cally from those of other 7/2− states, and so 9/2− is favoured. The log ft value of 6.3(2)
is consistent with a first-forbidden decay.
Angular correlation measurements are made for the coincidence between the 2561
keV transition and the 351 keV transition to the ground state. The results are consistent
with both a 7/2− and 9/2− spin-parity assignment, and are similar to the correlations
between the 351 keV transition and the (E3) transitions from other (9/2−) states at 2986
keV and 3105 keV.
Angular correlations are also measured for the coincidences between the 1564 keV
transition feeding the isomeric state and the 424 keV and 446 keV feeding transitions
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from the 3337 keV and 3359 keV states (both tentatively assigned Jpi = (9/2−)). Both
sets of correlations give similar strong A2  0 trends which are not compatible with a
7/2− spin-parity assignment for this state, supporting a 9/2− assignment instead.
This state is assigned possible fragmented pid−13/2 × 3− octupole character. This is
discussed in Section 7.2.1.
2985.8(3) keV (9/2, 7/2)− state
Branching to the 3/2+ state rules out J > 9/2. Strong branching to the 11/2− isomer
rules out J < 7/2. Calculations predict a number of 9/2− states to exist in the energy
region as a result of coupling, and no positive-parity states. This leaves 7/2−, 9/2−
as the possible spin-parity assignments, though the latter is preferred due to strong
11/2− population and lack of transition to the 5/2+ state. The log ft value of 5.42(6) is
consistent with a first-forbidden decay.
The 2634–351 keV angular correlation result agrees with either spin-parity assign-
ment. The 1637–648 keV result is consistent with either spin-parity assignment, and
implies strong mixing in the 1637 keV transition.
This state is assigned strong or fragmented pid−13/2 × 3− octupole character. This is
discussed in Section 7.2.1.
3013.8(3) keV (7/2−) state
The strength of the 1665 keV branching ratio to the 11/2− state rules out a J < 7/2
assignment. The strength of the 1331 keV transition to the 5/2+ state and the presence
of weak branching to the 1/2+ ground state rule out a 9/2− assignment. Given the
expected absence of positive-parity states in this region, an assignment of Jpi = 7/2− is
made. The log ft value of 7.7(1) is consistent with a first-forbidden decay.
Angular correlation measurements are made for the coincidence between the 1331
keV (E1) transition and the 1683 keV E2 transition. The result unambiguously supports
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a 7/2− assignment over a 5/2− assignment, as both correlations would correspond to a
minimally-mixed E1-E2 coincidence.
This state is assigned strong or fragmented pid−13/2 × 3− octupole character. This is
discussed in Section 7.2.1.
3104.9(3) keV (9/2, 7/2)− state
Branching to the 3/2+ state rules out J > 9/2 and strong branching to the 11/2− isomer
rules out J < 7/2. Calculations predict a number of 9/2− states to exist in this energy
region, and no positive-parity states. This leaves 7/2−, 9/2− as the possible spin-parity
assignments. The log ft value of 5.58(6) is consistent with a first-forbidden decay.
As for the 2986 keV state, this state is given a Jpi = 9/2− assignment due to the
strong branching to the 11/2− and 3/2+ states but not to the 1/2+ state. Noticeable
too are the differences in intensity for transitions populating J = 5/2 and J = 7/2 states,
further supporting this assignment.
The results of angular correlation measurements for the 428–993 keV and 2753–351
keV coincidences both support a 9/2− assignment.
This state is assigned possible fragmented pid−13/2 × 3− octupole character. This is
discussed in Section 7.2.1.
3143.2(3) keV (9/2−) state
Branching to the 3/2+ state rules out J > 9/2 and strong branching to the 11/2− isomer
rules out J < 7/2. Calculations predict a number of 9/2− states to exist in the energy
region, and no positive-parity states. This leaves 7/2−, 9/2− as the possible spin-parity
assignments. The systematics of the decay from this state are similar to those of the
2986 keV and 3105 keV states, except the transition populating the 3/2+ state is roughly
a factor of 100 weaker here. This supports to the higher-spin J = 9/2 assignment. The
log ft value of 5.95(6) is consistent with a first-forbidden decay.
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The relatively weak E3 population of the pid−13/2 state (using M1 transitions as a
benchmark) is a possible indicator that the pid3/2 orbital does not form a significant
component of this state’s wave function, and hence that this is not an octupole-coupled
state.
3197.3(5) keV (5/2−) state
The result log ft > 9.5 is consistent with unique first-forbidden or higher-forbidden
decay. Combining this information with the existence of branching to the 3/2+ state
(shown in Fig. 5.9), and no others, implies J < 7/2. A 3/2− state and a 5/2− state
are expected to lie in this energy region, both resulting from coupling between the pid−13/2
state and the octupole phonon. No other state observed here or previously is suggested
to correspond to either of these states.
While a firm assignment cannot be made, given the 9/2+ β-decay parent state and the
numerous J = 7/2, 9/2 states above, it is seen to be highly unlikely that the Jpi = 3/2−
state could be observed without the 5/2− state. Additionally, a 3/2− state would be
expected to populate the 1/2+ ground state with a similar intensity to the 3/2+ state,
but this is not observed. Thus the Jpi = (5/2−) assignment is made for this state.
This state is assigned strong pid−13/2 × 3− octupole character. This is discussed in
Section 7.2.1.
3273.5(2) keV (7/2−) state
The strongest de-populating transition is the 1591 keV transition to the 5/2+ state. In
addition the 1/2+ ground state is populated and the 11/2− isomer is populated weakly,
suggesting that Jpi = 7/2− or 5/2+. For the latter assignment, the observed 288 keV
(M2) transition to the 2986 keV (9/2−) state would be unphysically strong. Shell model
calculations predict a number of 7/2− states to exist in this energy region, with the first
coupled 5/2+ state predicted to have an energy of 3893 keV, and so 7/2− is favoured.
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The log ft value of 6.34(6) is consistent with a first-forbidden decay and not a second-
forbidden decay.
The systematics of the branching ratios from this state, commented upon by Jonson
et al. [11], are different to the majority of states in this region. They are similar to those
of the 2676 keV state and so here are suggested to be an indicator of spin-parity 7/2−.
Other states which share these systematics lie at 3014 keV and 3592 keV.
Angular correlation measurements are made for the coincidences between the 1591
keV E1 transition and the 1332 keV M1 and 1683 keV E2 transitions; the latter being
of most interest as it is expected to be un-mixed. The latter result strongly supports a
7/2− spin-parity assignment.
This state is assigned possible fragmented pid−13/2 × 3− octupole character. This is
discussed in Section 7.2.1.
3296.2(3) keV (9/2−) state
Branching to the 3/2+ state rules out J > 9/2, and strong branching to the 11/2− state
rules out J < 7/2. A Jpi = 7/2− assignment is considered unlikely due to minimal
branching to low-spin states, while a 7/2+ assignment would not explain the relative
intensities of the 2945 keV (E2) and 1948 keV (M2) transitions. A 9/2+ assignment
would be expected to populate the 2676 keV state through an E1 transition and not the
351 keV state through an M3 transition. A Jpi = 9/2− assignment, meanwhile, gives
consistent M1+E2 strengths for the de-populating transitions and is in line with the
strong 11/2− branching and the lack of ground state population. The log ft value of
6.17(6) is consistent with a first-forbidden decay.
3336.5(2) keV (9/2, 7/2)− state
Branching to the 11/2− and 3/2+ states leads to the limit J = (7/2, 9/2). A 7/2−
state might be expected to populate the 1/2+ ground state and the 5/2+ state, but
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neither are observed. This is in contrast to the behaviour of the 3014 keV and 3274 keV
(7/2−) states. A 9/2+ state would not visibly populate the 3/2+ state (M3). A 7/2+
state would not be expected to populate the 11/2− state (M2+E3) with the observed
strength. The log ft value of 5.80(5) is consistent with a first-forbidden decay.
The angular correlation result for the coincidence between the 2985 keV and 351 keV
transitions does not show preference for any particular spin-parity.
3358.7(2) keV (9/2, 7/2)− state
This state exhibits branching behaviour very similar to the 3337 keV Jpi = 9/2− state and
is restricted to Jpi = (9/2, 7/2−) correspondingly. The 3359 keV state differs particularly
in its weaker branching to the 3/2+ state.
For a 9/2+ spin-parity assignment, analysis of the relative transition strengths would
require E1 strengths at the lower limits of known systematics (B(E1)≈ 10−5 W.u.) and
M3 strengths at the empirical upper limits (B(M3)≈ 10) and so this is seen as unlikely.
The observed log ft result of 6.01(5) is compatible with first-forbidden decay.
Angular correlation measurements are made for the coincidence between the 682 keV
(M1+E2) transition and the 993 keV E1 transition. From the result the un-mixed 9/2+
assignment is deemed unlikely, but other spin-parity assignments either agree with the
observed trend or can do so through mixing in the 682 keV transition.
3430.5(2) keV (7/2, 9/2)− state
Population of the 3/2+ and 11/2− states restricts the assignment to J = (7/2, 9/2). The
weakness of the 3/2+ population and lack of ground state population is characteristic
of J = 9/2, but the presence of branching to the 5/2+ state is characteristic of J =
7/2. Evaluation of the relative transition strengths for both negative spin-parities gives
physical results, although branching to the 5/2+ state is high for a 9/2− assignment.
Positive parities are ruled out (7/2+ by the M2 branching to the 1348 keV state, 9/2+
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by the M3 branching to the 351 keV state). The observed log ft = 6.65(5) is consistent
with allowed or first-forbidden decay.
3493.6(5) keV (5/2−, 7/2) state
A single transition supports the existence of this state: the 3142 keV transition popu-
lating the 3/2+ state, shown in Fig. 5.10. J > 7/2 is therefore ruled out.
As described in Section 5.9, a state has been observed at an energy of 3474(6) keV
in several previous experiments and is thought to contain a significant proportion of
the pig−17/2 single-proton-hole strength. The shell model calculations suggest that the
3123(6) keV transition from that state to the 3/2+ state should dominate. The observed
log ft = 8.50(8) is also very similar to that calculated for the 7/2+ state. However, it lies
over three standard deviations away in energy, and other low-spin states in this energy
region might also be expected to populate the 3/2+ state most strongly. With only one
transition to work with, the arguments are not exclusive to any particular assignment.
The log ft result is too low for a second-forbidden decay, ruling out Jpi = 5/2+ and
any lower spin assignments. It is also high for an allowed decay, suggesting against
Jpi = 7/2+, excepting the case that the decay is n-forbidden.
3569.7(4) keV (11/2) state
This state is supported by a 2221 keV transition to the 11/2− isomer. The presence
of this transition and none to states of lower spin implies a higher spin assignment.
The log ft result of 7.21(8) is compatible with an allowed or first-forbidden decay and
unphysically low for a second-forbidden decay.
Several 11/2− coupled states are predicted to lie in this energy region (see Tables B.1
and B.2, Appendix) but no others are assigned at a lower energy, so it is thought most
likely that this is a 11/2− state. A 13/2− state could lie at this energy and would also
be expected to predominantly populate the isomer. However, the log ft result makes
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this unlikely.
3581.3(2) keV (9/2−, 7/2) state
Branching to the 11/2− and 3/2+ states suggests J = (7/2, 9/2). Lack of branching to
the 5/2+ state suggests J > 7/2. A 9/2+ assignment would not be consistent with the
branching ratio to the 3/2+ state. Therefore Jpi = 9/2− is favoured. The log ft result
of 6.97(5) is consistent with an allowed or first-forbidden transition.
3592.4(4) keV (7/2−) state
Strong branching to the 5/2+ state and lack of branching the the 11/2− isomer strongly
suggests J < 9/2. This shows similarities to the behaviour of the 3274 keV state, assigned
7/2− here. The similarity of the branching ratios to the 3/2+ and 1/2+ states makes
a 7/2+ assignment unlikely, leaving Jpi = (5/2, 7/2−) as the most likely configurations.
The observed log ft = 7.11(6) is consistent with first-forbidden decay, and not second-
forbidden decay.
Angular correlation measurements are made for the coincidences between the 1910
keV transition and the 1683 keV and 1332 keV transitions from the 1683 keV state. As
for angular correlations for the 1591 keV transition de-populating the 3274 keV state, the
1910–1683 keV correlation supports Jpi = 7/2− and rules out 5/2−, while the 1910–1332
keV correlation supports both.
3633.6(3) keV (11/2−, 9/2) state
An absence of branching to J < 7/2 states suggests J > 7/2. The log ft result of
6.34(5) is not compatible with second-forbidden β decay, leaving J = (9/2, 11/2) as
the possible spin assignments. Spin-parities 9/2+ and 11/2− are preferred because of
the minimal population of J < 9/2 states when compared to other states assigned
9/2− in this analysis. Since more 11/2− states are predicted by calculations to exist in
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this energy region than 9/2+ states (four coupled 11/2− states calculated to lie below
E(9/2+1 ) = 3.85 MeV), and since this state is one of few candidates for this assignment,
11/2− is preferred.
Angular correlation measurements are made for the coincidence between the 648 keV
transition and the 1637 keV transition. The result rules out 13/2− and 11/2+, leaving
9/2−, 9/2+ and 11/2− as the possible spin-parities for this state.
The result from angular correlations between the 648 keV transition and the 2634
keV (E3) transition from the 2986 keV state does not agree exactly with any assignment,
although this is likely down to poorer statistics at low angles and the unknown level of
mixing.
3644.2(3) keV (9/2, 11/2) state
Similar systematics to the 3634 keV state, albeit with reduced branching to the 2986
keV state, lead to J = (9/2, 11/2). The result log ft = 6.72(7) is consistent with allowed
or first-forbidden decay.
A pair of 11/2− states, predicted by the KHM3Y shell model calculation to lie at
energies of 3665 and 3693 keV (Table B.1), has a similar energy spacing to the observed
3634 and 3644 keV states. It is possible that this is the same pair of states.
3800.0(3) keV (11/2, 9/2) state
Branching to only 9/2− and 11/2− states suggests that J > 7/2 for this state. Low
statistics limit conclusions, but the log ft result rules out β-decay forbiddenness greater
than first-forbidden. The log ft value of 7.27(6) is consistent with allowed or first-
forbidden decay.
Several positive-parity states corresponding to coupling between the pih−111/2 state and
the octupole phonon are expected to lie in this energy region. The 7/2+, 9/2+ and
11/2+ states are predicted by the KHM3Y calculations to have energies of 3679, 3832
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and 3850 keV respectively (Table B.1, Appendix). Given the systematic octupole energy
underestimation of roughly 0.2 MeV (discussed in Section 7.2.3), these coupled states
are expected to be observed in the 3.7–4.1 MeV energy range.
A state observed previously at an energy of 3987 keV was attributed L = 4 and some
pig−17/2 intensity [97]. This makes it likely that that state forms the 7/2
+ component of
the pih−111/2 × 3− multiplet. The 9/2+ and 11/2+ components are also expected to lie
in this energy region. Without a certain spin-parity for the 3800 keV state observed
here, octupole character cannot be suggested. However, it may be a candidate in future
investigations.
3850.0(4) keV (7/2, 9/2) state
All of the states populated by the weakly-observed 3850 keV state have spin-parity
Jpi = (7/2, 9/2)−, and so J = 7/2 or 9/2 is favoured. The 7/2+ or 9/2+ assignment
would give all four of these transitions E1 character. However, for the former an E2
transition to the 3/2+ state might also be expected to exist, which it doesn’t. The log ft
value of 7.4(2) is consistent with allowed or first-forbidden decay.
As for the 3800 and 3940 keV states, pih−111/2 × 3− octupole character is possible for
this state but cannot be confirmed in this analysis.
3940.3(3) keV (9/2, 11/2) state
This state decays to two states: the 3143 keV (9/2−) state and the 1348 keV 11/2−
isomeric state. This implies J > 7/2. Either parity is considered possible since at this
energy many positive-parity states are predicted. The log ft value of 7.08(6) is consistent
with allowed or first-forbidden decay.
As for the 3800 and 3850 keV states, pih−111/2 × 3− octupole character is possible for
this state but cannot be confirmed in this analysis.
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7.2 Comparison with shell model calculations
7.2.1 State character assignments
Accuracy of calculations
The two sets of shell model calculations have been considered for the 207Tl spin-parity
assignments: the KHM3Y and KHH7B calculations described in Section 3.2. The levels
predicted by each calculation, and the wave function contributions to each level, are
shown in Tables B.1 and B.2.
From Table B.2 it is clear that the KHH7B calculation (including t=0 mixing) does
not replicate the expected doublet of pis−11/2 × 3− states around 2.7 MeV. It predicts
them to lie higher in energy, placing the 7/2− state at 3752 keV and the 5/2− state at
3859 keV. This octupole energy overestimation was also reported for the pih11/2-coupled
17/2+ state in ref. [51]. The shift appears to have consequences for the composition of
the calculated states, here for the pid3/2 octupole-coupled states. The contribution of
the octupole ∆l = ∆j = 3 orbitals to the pid−13/2 × 3−, Jpi = 7/2− and 9/2− states is
shared between multiple states, also shown in Table B.2.
The KHM3Y calculation, meanwhile, does replicate the pis−11/2×3− doublet albeit with
a smaller energy shift in the other direction, placing the states at 2453 keV and 2489
keV. It is thought that this improved accuracy is the result of the larger model space
used. The octupole states calculated using this interaction appear relatively pure, with
the ∆l = ∆j = 3 excitations concentrated rather than shared between states.
The KHM3Y calculations give branching ratios between the states, using calculated
M1 and E2 transition strengths. These can be adjusted to the observed experimental
energies, retaining the original single-particle strength, so that for a given set of as-
signments of observed states to calculated states (Fig. 7.2), the corresponding observed
and calculated branching ratios may be compared (Table A.2, Appendix). This can be
interpreted both in terms of the accuracy of the assignments and of the calculations in
144
reflecting experimentally-observed behaviour. As only M1 and E2 transitions are con-
sidered, only negative-parity states are accounted for. A further limitation is that as
state configuration mixing is energy-dependent and the density of states with identical
spin-parity is high, this is subject to significant uncertainty, and this would directly affect
the calculated transition strengths. No correction can be made for this in the present
analysis. The branching ratio calculations are discussed in Section 7.2.2.
Assigning pis−11/2 × 3− states
The pis−11/2 × 3− doublet would be expected to lie around 2.6 MeV in energy, assuming
weak coupling between the ground state and the 2615-keV phonon. The large-scale shell
model calculation predicts it to lie at an energy of around 2.5 MeV (Table B.1), with no
other states predicted within 0.2 MeV.
The large branching ratio of the 993 keV E1 transition from the 2676 keV state to
the pid−15/2 state was predicted for the 7/2
− state in the doublet by Hamamoto [123].
The E1 transition from the 2709 keV state to the pid−15/2 state is not observed, predicted
by Hamamoto [123] to be weak for the 5/2− component of the doublet. The branching
ratio of the 2358 keV E1 transition to the pis−11/2 state is large, as also predicted.
Based on the spin-parity assignments, the branching ratios of the de-populating tran-
sitions, and the energies of the two states, the 2676 keV state and the 2709 keV state
are asserted here to correspond to the 7/2− and 5/2− components of the doublet.
Assigning pid−13/2 × 3− states
The density of states with identical spin-parity in the 2.5–4 MeV energy region is high
and hence the true wave functions are highly energy-dependent. While branching ratios
are adjusted to experimental energies, the calculated wave functions remain unchanged.
This reduces confidence in the accuracy of the calculated branching ratios. The pair of
pis−11/2×3− states is useful because their separation in energy from the states above, both
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in the KHM3Y calculations and in the experimental level scheme, is likely to reduce
these mixing uncertainties. With confidence in the pis−11/2× 3− character of the 2676 keV
and 2709 keV states, these provide a useful benchmark along with the 1348 keV 11/2−
state.
The EKHM3Y = 2.911 MeV (5/2−) octupole-coupled assignment is made for the ob-
served state at 3197 keV based on calculations. No useful information can be obtained
from the calculated branching ratios from this state as its only observed decay populates
the 3/2+ state, but the observation of this transition and the relatively weak popula-
tion of the 3197 keV state in β and γ decay support a low spin assignment. With a
Jpi = (5/2−) assignment, this state is thought to correspond to the 5/2− pid−13/2 × 3−
octupole-coupled state. It is expected to be unlikely that the 3/2− state should be ob-
served through population from higher-lying states (by M2 and E3 transitions) without
the 5/2− state also being populated (by M1 and E2 transitions), particularly given their
similar wave functions. The 3/2− octupole-coupled state is not assigned here.
The EKHM3Y = 2.784 MeV (7/2−) octupole-coupled assignment is tentatively made
for the observed state at 3014 keV based on predicted energy ordering, although the 3274
keV state is also considered a possibility. The experimentally observed states assigned
(7/2−) in this analysis and lying in the energy region of interest are the 3014 keV, 3274
keV and 3592 keV states. Relative strength estimates (Table A.1) for the M2+E3 transi-
tions to the 3/2+ state, expected to be enhanced for the octupole-coupled state, favour
the 3014 keV state slightly. However, this is based upon only rough B(E1) assumptions.
Calculated branching ratios (see Table A.2) suggest that the 7/2−2 octupole-coupled state
should populate the two pis−11/2 × 3− states strongly, as observed for the 3274 keV state,
whereas for the non-octupole states the two branching ratios should differ by around
two orders of magnitude. The 7/2−2 state is calculated to lie 0.33 MeV above the 7/2−1
state. In the experimental level scheme the 3014 keV state lies 0.34 MeV above the 7/2−1
state, while the 3274 keV state lies 0.60 MeV above. This favours octupole assignment
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for the 3014 keV state, and this is used in the rest of the discussion.
There is no conclusive evidence for octupole character for any one 7/2− state. It is
therefore also considered that the octupole strength might be split between two or three
states – most likely the 3014 keV and 3274 keV states, as these lie lowest in energy. This
is not predicted by the KHM3Y calculations because of the apparent under-prediction
of the phonon energy: the 7/2−3 state is predicted to lie 0.608 MeV above the 7/2−2 state,
whereas experimentally the energy separation is only 0.260 MeV.
The EKHM3Y = 2.743 MeV (9/2−) octupole-coupled assignment is tentatively made
for the observed state at 2986 keV, based on energy ordering and calculated branching
ratios. The seven lowest observed (9/2−) states (2913, 2986, 3105, 3143, 3296, 3337, 3359
keV) are considered. Assuming a B(E3) strength of 30 W.u. de-exciting the octupole
phonon (being highly collective and in line with systematics of the region), the 3143 keV
and 3359 keV states are found to have unphysically high transition strengths populating
the 2913 keV state (B(M1)> 10 W.u.) and so are unlikely to possess collective octupole
character.
If instead the strength of the transition populating the 11/2− state is fixed, the
strongest E3 transition is the 2635 keV transition de-populating the 2986 keV state.
The 3143 and 3296 keV states exhibit particularly low E3 strengths and are therefore
not thought to possess any octupole character. Calculated branching ratios (Table A.2)
suggest that the octupole-coupled state should be populated strongly by the observed
3274 keV state (as assigned), and strong branching to the 2986 keV state is indeed
observed. The state at 2986 keV is assigned octupole character, and this is used in the
rest of the discussion.
The 2913 keV and 3105 keV states are considered most likely to possess fragmented
octupole character due to their strong E3 branching ratios and small energy separation
from the 2986 keV state. Calculations predict an energy separation of 0.269 MeV between
the 9/2−1 (collective octupole) and 9/2−2 (non-collective) states which decreases to 0.073
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MeV experimentally, meaning that the KHM3Y calculation likely underestimates any
fragmentation of the collective phonon strength. This emphasises the need for accurate
replication of its behaviour.
Other state character assignments
Away from the octupole-coupled pis−11/2, pid
−1
3/2 states, character assignments are made
between experiment and calculation using energy ordering. An exception is for the
3634 keV and 3644 keV (11/2−) states. These are assigned to the 11/2−4,5 pair of states
respectively, rather than to the 11/2−2,3 states, because of the similarities in their energy
separation in the KHM3Y calculation.
While observed states higher in the level scheme are more difficult to identify due
to mixing, the 3800, 3850 and 3940 keV states are of interest because they lie in the
energy region where pi(h−111/2,d
−1
5/2)×3− coupled states would be expected to lie. In the
weak coupling approximation, the multiplets would lie around energies 3963 keV and
4298 keV respectively. The 17/2+ h11/2-coupled state has already been placed at an
energy of 3813 keV [51]. The 7/2+ pih−111/2 × 3− state is predicted by the KHM3Y
calculation to lie at an energy of 3679 keV. However, a state at 3987 keV has previously
been attributed some pig−17/2 strength [97], making this more likely to correspond to the
octupole-coupled 7/2+ state. The 9/2+ and 11/2+ states, meanwhile, are placed by
the KHM3Y calculation at 3850 and 3832 keV respectively. Given the consistent 0–
0.3 MeV octupole energy underestimation, any of the 3800, 3850 and 3940 keV states
could realistically correspond to either of these octupole states. However, not enough
information is available from the present analysis to make any assertions. In future
experiments the character of these states could be of interest.
Table 7.1 shows the final character assignments and dominant shell model config-
urations as described above, using the shell model wave function contributions from
calculations using the KHM3Y interaction. In the non-collective excited states, the
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Table 7.1: Dominant wave function configurations for states observed in this analysis, using
wave functions as calculated using KHM3Y interaction. Assignments are described in text. Full
calculated wave functions are listed in Table B.1 (Appendix).
E / keV EM3Y / keV Jpi Dominant configuration
2676 2454 7/2− pis−11/2 × 3−
2709 2489 5/2− pis−11/2 × 3−
2913 3013 9/2− pis−11/2 νp
−1
1/2 νg9/2 (38%)
2986 2744 9/2− pid−13/2 × 3−
3014 2785 7/2− pid−13/2 × 3−
3105 3181 9/2− pis−11/2 νp
−1
1/2 νg9/2 (38%)
3143 3410 9/2− pid−13/2 νp
−1
1/2 νg9/2 (45%)
3197 2911 5/2− pid−13/2 × 3−
3274 3393 7/2− pid−13/2 νp
−1
1/2 νg9/2 (42%)
3296 3485 9/2− pis−11/2 νp
−1
1/2 νg9/2 (42%)
3337 3612 9/2− pid−13/2 νp
−1
1/2 νg9/2 (29%)
3359 3748 9/2− pid−13/2 νp
−1
1/2 νg9/2 (41%)
3430 3565 7/2− pid−13/2 νp
−1
1/2 νg9/2 (45%)
3581 3899 9/2− pis−11/2 νp
−1
3/2 νg9/2 (30%)
3592 3749 7/2− pis−11/2 νf
−1
5/2 νg9/2 (22%)
3634 3666 11/2− pis−11/2 νf
−1
5/2 νg9/2 (28%)
3644 3694 11/2− pis−11/2 νp
−1
3/2 νg9/2 (45%)
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lowest-energy neutron core excitations dominate. These correspond to the 3 − 4 MeV
4− and 5− excitations observed in 208Pb [3]. The calculated composition of the octupole
phonon in terms of shell model orbitals is discussed in Section 7.4.
7.2.2 Calculated branching ratios
Branching ratios for M1 and E2 transitions only, calculated using KHM3Y transition
strength predictions, are shown in Table A.2. These use the character assignments in
Section 7.2.1, with branching ratios adjusted for energy. The discussion focusses on
states lying lower in energy, as uncertainty over wave function composition increases
with energy.
Agreement between observations and theory varies. In general, larger branching
is observed to the pih−111/2 state than is predicted by calculations. Similar predicted
branching ratios to the 2913 and 2676 keV states from the octupole-coupled 9/2− state
are observed for the 2986 keV state and not for the 3105 or 3337 keV states, supporting
the 2986 keV octupole assignment. The agreement for the 7/2−2 octupole state, placed at
3014 keV, is poor, but the agreement for the 7/2−3 state placed at 3274 keV is generally
good. The 5/2−2 (3197 keV) and possible pih−111/2 × 3− octupole states are only de-
populated by (E1) transitions and so cannot be evaluated.
Many character assignments were tested but none replicated the calculated branching
ratios substantially better than those discussed (experimental octupole assignments and
others in energy order).
7.2.3 Prediction accuracy
The experimental and theoretical level schemes from this analysis are shown in Fig. 7.2.
In Fig. 7.3 the differences between observed and predicted state energies in 207Tl are
shown for the KHM3Y calculations. It is apparent from the figure that the interaction
does not give a completely accurate description of the octupole and non-octupole excited
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Figure 7.2: Experimental and theoretical (KHM3Y) level schemes for states observed in 207Tl
in this analysis, with dashed lines indicating character assignments. Assignments as discussed
in text. On the right-hand side the states between 2676 and 3940 keV (observed energies) are
enlarged and experimental and calculated spin-parities are labelled.
states in 207Tl. Its accuracy also appears to differ depending on whether the state is of
collective origin. This was observed previously for the 17/2+ state at 3813 keV [51], also
included in Fig. 7.3.
The KHM3Y interaction generally over-predicts the energies of non-collective 1p −
2h states by between 0 and 0.5 MeV. However, for octupole-coupled states the energy
appears to be systematically under-predicted by around 0.2 MeV. This is a relatively
accurate replication of a highly collective excitation in terms of shell model orbitals.
However, the small energy shift leads to a significant uncertainty in calculated wave
functions due to the high density of negative-parity states in the 2.5− 4 MeV region.
In Fig. 7.4 the predictive accuracy of the KHM3Y interaction for octupole-coupled
states is compiled for the four nuclei neighbouring 208Pb (207Tl, 207Pb, 209Pb and 209Bi)
where experimental information on state configurations exists. It is clear that the oc-
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Figure 7.3: Difference between experimental and theoretical energies of states observed in 207Tl
using KHM3Y shell model calculations. Octupole assignments are as discussed in text, and the
3813 keV state reported in ref. [51] is also included. Circled data points indicate states assigned
octupole-coupled character.
tupole states are systematically under-predicted by theory by 0–0.3 MeV. Furthermore,
the interaction predicts the first excited state of 208Pb to lie at 2.329 MeV (0.3 MeV
below its experimentally-established energy). These differences are discussed in Section
7.3.
7.3 Mixing in shell model calculations
We attempt to explain the differences between observed and calculated level energies
by evaluating the inclusion of certain mixing considerations. The KHM3Y calculation
includes mixing between t=1 (1p − 2h) excitations only, with t=0 excitation energies
fixed to observations.
Mixing states with different numbers of core excitations modifies their relative ener-
gies. The mixing of t=0 and t=1 excitations brings down the energies of the t=0 states,
including that of the ground state. This increases the relative energy of all coupled
152
1/2 3/2 5/2 7/2 9/2 11/2 13/2 15/2 17/2 19/2 21/2 23/2
Spin / ℏ
-0.1
0
0.1
0.2
0.3
0.4
E 
(e
xp
. -
 th
e.
) /
 M
eV
π h11/2π d3/2π s1/2π h9/2
ν i13/2ν f5/2ν p1/2ν g9/2ν j15/2
Figure 7.4: KHM3Y prediction accuracy for all known single-particle-octupole-coupled state
energies around the 208Pb shell gap. Experimental data for states in 207Tl observed in this work
(pis1/2, pid3/2) are shown, as well as the 7/2+ ((3987) keV) and 17/2+ (3813 keV) pih11/2-coupled
states [51,97]. Other experimental data are taken from refs. [3–5].
states.
The inclusion of t=2 excitations in the calculations will reduce the energies of the
t=0 and t=1 states. Since exciting an I=0 nucleon pair across the shell gap requires
relatively lower energy, the effect on the ground state will be enhanced.
When these considerations are applied, the agreement between observation and theory
is still incomplete. Therefore, t=3 (and higher) states have to be included in order to
obtain the correct excitation energies. This would be expected to bring down the energies
of the t=1 coupled states. Such t=3 calculations are not feasible computationally for
such a large model space. The effect of mixing with states with different numbers of
core excitations can be studied in regions with fewer relevant orbitals. An example is
the study of 98Cd [124]. It was shown that while mixing with t=2 made the discrepancy
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Figure 7.5: Estimated effect (not to scale) on average calculated octupole and non-octupole
energy differences when including different orders of mixing between core excitations in KHM3Y
shell model calculations.
between theory and experiment worse for t=1 states, mixing with t=3 resulted in a good
agreement. This is in accordance with the qualitative explanation for 207Tl presented
here. As a side-effect, since single-particle energies are taken from experiments, mixing
of states with different t-values will result in incorrect computed mass.
In order to address the discrepancy between octupole and non-octupole predictions,
the t=2 mixing would need to affect the collective and non-collective states differently,
since t=0 mixing affects all coupled states uniformly. From the results it is suggested
that the effect of the t=2 mixing on the collective octupole-coupled states is reduced,
relative to its effect on the non-collective t=1 coupled states. The mechanism for this
differentiation is not clear. It is possible, since the octupole phonon can be considered
to couple weakly to t=0 states, that it can also be considered to couple weakly to t=2
states.
The expected qualitative effect of the inclusion of these different orders of mixing is
illustrated in Fig. 7.5.
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7.4 Understanding of the octupole phonon
7.4.1 Effect of coupling
The results of this work are compared with current knowledge of the coupling behaviour
of the collective octupole phonon. Table 3.2 compiles experimental observations of the
single octupole phonon coupled to one- and two-particle states neighbouring 208Pb.
Cases are omitted in which the state is substantially mixed. The observed octupole
energy shifts, relative to the 2615-keV phonon as measured in 208Pb [3], and transition
strengths are plotted in Fig. 7.6 with respect to the coupling state configuration. This
does not account for exact wave function contributions. Here, N∈ is used to refer to
the number of octupole orbitals – those involved in ∆l = ∆j = 3 excitations across the
shell gap, listed in Table 3.1 – in the configuration of the state to which the octupole
phonon is observed to couple. N/∈ refers to the number of non-octupole orbitals in the
configuration.
It appears, from the energy shifts plotted in Fig. 7.6, that removing N∈ orbitals
from the phonon increases its excitation energy, and removing N/∈ orbitals reduces its
excitation energy. A change in phonon energy might be associated with a change in
collectivity, but is not direct proof. Mixing has an effect on individual energies and so
contributes to uncertainty over the exact excitation energies. However, it would not be
expected to show a systematic dependence on N∈ or N/∈. The small number of data
points giving the reduced E3 transition strengths, also plotted in Fig. 7.6, indicate a
possible decrease in collectivity when removing N∈ orbitals from the phonon, and a
possible increase in collectivity when removing N/∈ orbitals.
Removing ∆l = ∆j = 3 particles/holes (by coupling to them) reduces the number of
particles/holes available to contribute to the phonon. Therefore a decrease in collectivity
for greater N∈ could be explained. An increase in collectivity for greater N/∈, however,
is not expected, and so an explanation for the trend observed in Fig. 7.6 would be of
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Figure 7.6: Experimentally observed stretched octupole energy shifts relative to uncoupled
phonon energy of 2615 keV in 208Pb, and reduced single-particle transition strengths directly de-
exciting the collective octupole phonon, when coupling to different non-collective ‘basis’ states
in nuclei around 208Pb. Data plotted with respect to the difference between N∈ (number of
octupole orbitals in basis state configuration) and N/∈ (number of non-octupole orbitals in basis
state configuration). The stretched collective E3 transitions (2676 keV and 2634 keV) established
in this analysis are included. Unfilled circles represent transition strength measurements given
without uncertainties. Values and references given in Section 3.1.2 and Table 3.2.
interest.
7.4.2 Predicted octupole composition
The shell model calculations predict state compositions in terms of shell model orbitals
as shown in Tables B.1 and B.2. Those containing many contributions from ∆l = ∆j = 3
excitations have been labelled as collective octupole states. The calculated contributions
of different orbitals to the phonon are similar, but not identical, for different states. A
summary of the contributions is given in Table 7.2.
From the information in Table 7.2 it is evident that the KHM3Y shell model calcula-
tion predicts the νp−13/2g9/2 and pid
−1
3/2h9/2 excitations to contribute most to the octupole
wave function. The νf−15/2i11/2 and pis
−1
1/2f7/2 excitations also contribute significantly. The
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Table 7.2: Percentage contributions of ∆l = ∆j = 3 excitations to octupole state wave functions
as predicted by KHM3Y shell model calculations. The h11/2-coupled 17/2+ and d5/2-coupled
1/2− are chosen as mixing effects are expected to be minimal.
Orbital Jpi Octupole wave function contributions
pis−11/2 7/2
− 16% νp
−1
3/2 νg9/2 + 13% pid
−1
3/2 pih9/2 + 11% pis
−1
1/2 pif7/2
+ 9% νf−15/2 νi11/2 + 3% νp
−1
1/2 νg7/2
pis−11/2 5/2
− 16% νp
−1
3/2 νg9/2 + 12% pid
−1
3/2 pih9/2 + 10% νf
−1
5/2 νi11/2
+ 5% pis−11/2 pif7/2 + 2% νp
−1
1/2 νg7/2
pid−13/2 9/2
− 17% pid
−1
3/2 pih9/2 + 13% νp
−1
3/2 νg9/2 + 11% νf
−1
5/2 νi11/2
+ 9% pis−11/2 pif7/2
pid−13/2 7/2
− 15% νp
−1
3/2 νg9/2 + 13% pid
−1
3/2 pih9/2 + 10% νf
−1
5/2 νi11/2
+ 8% pis−11/2 pif7/2
pid−13/2 5/2
− 13% νp
−1
3/2 νg9/2 + 10% νf
−1
5/2 νi11/2 + 10% pid
−1
3/2 pih9/2
+ 5% pis−11/2 pif7/2 + 3% νp
−1
1/2 νg7/2
pid−13/2 3/2
− 17% νp
−1
3/2 νg9/2 + 9% νf
−1
5/2 νi11/2 + 9% pis
−1
1/2 pif7/2
+ 3% νp−11/2 νg7/2
pih−111/2 17/2
+ 15% νp
−1
3/2 νg9/2 + 14% pid
−1
3/2 pih9/2 + 9% νf
−1
5/2 νi11/2
+ 9% pis−11/2 pif7/2 + 3% νp
−1
1/2 νg7/2
pid−15/2 1/2
− 15% pid
−1
3/2 pih9/2 + 11% νp
−1
3/2 νg9/2 + 10% νf
−1
5/2 νi11/2
+ 10% pis−11/2 pif7/2 + 2% νp
−1
1/2 νg7/2
νp−11/2g7/2 contributes relatively little. Meanwhile, the three remaining ∆l = ∆j = 3
excitations νh−19/2d3/2, νf
−1
7/2s1/2 and pig
−1
7/2p1/2 are not calculated to contribute. This is
due to the increased energy separations of these pairs of orbitals, listed in Table 3.1.
These results are considered alongside the weaker predictive powers of the KHH7B
calculation, detailed in Section 3.2.1, which utilises a smaller model space and over-
predicts the octupole energy. That model space includes the main contributing octupole
pairs but does not include the νp−11/2g7/2 pair, as the N > 126 space is not large enough.
From the results it is suggested that extension of the neutron model space to include the
νg7/2 orbital could improve the description of the octupole phonon.
Given that the ‘missing’ orbital pair should only contribute a small proportion of
the total collective strength, it is suggested to be unlikely that its inclusion would fully
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explain the inaccuracy of the KHH7B interaction. Therefore it is also suggested that
the interaction itself does not give a complete description of collective behaviour.
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Chapter 8
Conclusions
The level scheme of 207Tl below 4 MeV has been explored in far greater detail than has
previously been achieved. A number of new states have been identified in the energy
region critical for studies of octupole coupling with single-proton-hole states. Through
a variety of techniques in gamma-ray spectroscopy, spin-parity assignments have been
made for the majority of these states, and several are assigned octupole character. This
has permitted new discussion on the potential for large-scale shell model calculations to
describe the highly collective octupole phonon in the 208Pb region.
This work has led to a limit log ft > 8.8 for the n-forbidden β decay ν1g9/2 → pi0g7/2
for the first time. This is more stringent than any previous such limit, and demonstrates
the impact of the rarely-observed ∆n = 0 selection rule. Its impact is heightened where
the two orbitals in the n-forbidden decay are more prominent in the states being studied.
In the region south-east of 208Pb, the ν2d5/2 → pi1d3/2 decay in β decay from 207Au is
highlighted here as a promising area for further study. While production of this nucleus
is difficult, an improvement in statistics could allow a log ft measurement. This would
provide an insight into the relevance of the ∆n = 0 rule for nuclei closer to the r-process
waiting point nuclei, where its effect could have great relevance to the astrophysical
nucleosynthesis of heavy elements.
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From the investigation of octupole states, it is concluded that shell model calculations
using TBMEs developed for the description of t=0 (non-core-excited) states intrinsically
result in systematic discrepancies for the description of states where core excitation is
important. The nature of this discrepancy – over- or under-prediction of the energy of
the excited state – is structure-dependent. Octupole states are mixed less with t=0 and
t=2 states. It is noted that the effect of mixing with core excitations as function of spin
was already discussed in ref. [51].
It is expected that at least three core excitations (t=3) have to be considered in
order to ameliorate these systematic effects and reproduce excitation energies. This is in
addition to the use of a large model space in order to account for all octupole excitations.
This is not currently computationally feasible. Calculations including mixing up to t=2
would remain of interest, as this would reveal more information on the octupole energy
discrepancy. Furthermore, the prediction of the octupole wave function made by the
large-scale KHM3Y calculation here suggests that the νp−11/2g7/2 excitation contributes
a small amount of strength to the collective octupole phonon. Omitting either of these
orbitals, as is the case in some reduced-model-space shell model calculations, would lead
to an artificial weakening of the phonon and hence a poorer description of its behaviour.
Improvements in the accuracy of calculations would be helpful to efforts to under-
stand the coupling behaviour of the octupole phonon. The differences between predicted
and observed energies of the coupled phonon have a significant effect on the energy sep-
aration of states with identical spin-parity. As a result, the mixing of the wave functions
and hence possible fragmentation of the collective phonon strength is likely to have been
underestimated. As well as the inclusion of mixing effects as described above, develop-
ments in log ft calculations including first-forbidden transitions would be significant in
differentiating states with similar spin-parity. Recent advances [101, 102] have demon-
strated great accuracy for nuclei up to N = 126, but inclusion of N > 126 orbitals is
required for these to be applied to nuclei south-east of 208Pb.
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Meanwhile, this region of the nuclear chart is very active experimentally. While
improved statistics in deep-inelastic reactions are revealing more information on high-
energy and high-spin states in the well-studied nuclei around 208Pb [51, 125, 126], tech-
nological advances in high-energy radioactive beam acceleration [89] and in solenoidal
spectrometry [127] combined with the production capabilities of high-energy protons
on a Pb target have permitted novel studies on nuclei south-east of 208Pb at CERN-
ISOLDE. At the same time, recent experimental findings are demonstrating that multi-
nucleon transfer reactions are an effective method of populating neutron-rich nuclei below
Z = 82 [128–130]. The results will provide further tests of shell model calculations. In-
vestigations also continue into double-octupole-phonon states, in theory [22, 55] and in
experiment [131,132].
In conclusion, this work has significantly improved understanding of low-energy states
in single-proton-hole 207Tl, and revealed more information on the coupling of the collec-
tive octupole phonon to the pis1/2 and pid3/2 orbitals. The combination of single-particle
and collective behaviour in this nucleus makes it a key testing ground for calculations
attempting to describe the two effects simultaneously. Large-scale shell model calcula-
tions have made great progress in successfully describing the octupole phonon in terms
of the collective behaviour of many excitations across the shell gaps, but none can yet
describe its behaviour with complete accuracy. This limits their predictive powers. Us-
ing the observations in this work, and previous experimental results in 207Tl and other
nuclei in the 208Pb region, the octupole energy under-estimation is attributed to the
omission of higher-order mixing effects, while its over-estimation in calculations using
a reduced model space is partially attributed to the omission of certain contributing
orbitals. Higher-order mixing effects are computationally demanding and are beyond
the current capabilities of large-scale calculations. However the knowledge gained here
will be important to future developments.
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Appendix A
Transitions in 207Tl observed in
this work
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Table A.1: Full list of transitions observed in 207Tl in this analysis. State spin-parities and
transition multipolarities are based on most likely assignments, as described in text. Iγ,rel. is the
absolute intensity of the gamma-ray emission (conversion omitted) with respect to intensity 100
for the 351 keV transition populating the ground state. Best.(σL) is the calculated Weisskopf
strength of a given transition assuming a certain ‘typical’ strength (written in bold) for a different
transition de-populating the same state. Systematics of the 208Pb region are used to make these
assumptions. B(E3)=30 W.u. for assigned octupole de-exciting transitions, 1 W.u. otherwise.
Ei / keV Jpii Ef / keV Jpif Eγ / keV σL Iγ,rel. Best.(σL) / W. u.
351.2 3/2+ 0.0 1/2+ 351.2(2) M1 100(5) −−
1348.3 11/2− 351.2 3/2+ 997.2(2) M4 103(7) −−
0.0 1/2+ 1348.2(2) E5 8.4(6) −−
1682.8 5/2+ 351.2 3/2+ 1331.8(2) M1 4.8(4) 0.08
0.0 1/2+ 1682.8(3) E2 0.93(8) 1
2676.0 7/2− 1682.8 5/2+ 993.4(2) E1 2.9(2) 3× 10−4
1348.3 11/2− 1328.1(3) E2 0.37(4) 0.3
351.2 3/2+ 2324.9(3) M2 0.079(8) 0.5
0.0 1/2+ 2676.1(4) E3 0.14(1) 30
2709.3 5/2− 351.2 3/2+ 2358.6(3) E1 0.28(3) 1× 10−4
0.0 1/2+ 2708.5(5) M2 0.012(3) 2.0
2912.6 (9/2−) 1348.3 11/2− 1564.2(3) (M1) 20(2) 2× 10−4
351.2 3/2+ 2561.4(3) (E3) 0.70(7) 1
2985.8 (9/2−) 2912.6 (9/2−) 73(1) (M1) 1.2(3) 0.9
2676.0 7/2− 309.7(2) (M1) 1.6(1) 0.02
1682.8 5/2+ 1302.8(2) (M2) 0.064(8) 0.2
1348.3 11/2− 1637.5(3) (M1) 44(4) 3× 10−3
351.2 3/2+ 2634.6(4) (E3) 4.6(5) 30
3013.8 (7/2−) 1682.8 5/2+ 1331.2(2) (E1) 0.60(5) 1× 10−4
1348.3 11/2− 1665.6(3) (E2) 0.11(1) 0.1
351.2 3/2+ 2662.6(4) (M2) 0.037(4) 0.5
0.0 1/2+ 3013.6(5) (E3) 0.0024(6) 1
3104.9 (9/2−) 2985.8 (9/2−) 119.1(2) (M1) 0.22(5) 7× 10−3
2912.6 (9/2−) 192.4(2) (M1) 1.17(6) 9× 10−3
2709.3 5/2− 395.9(3) (E2) 0.006(2) 0.01
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2676.0 7/2− 428.7(2) (M1) 0.33(2) 2× 10−4
1682.8 5/2+ 1423.2(4) (M2) 0.014(7) 5× 10−3
1348.3 11/2− 1756.6(3) (M1) 23(2) 2× 10−4
351.2 3/2+ 2753.6(4) (E3) 1.0(1) 1
3143.2 (9/2−) 2985.8 (9/2−) 157.7(2) (M1) 0.45(3) 0.7
2912.6 (9/2−) 231.1(2) (M1) 0.69(4) 0.3
2676.0 7/2− 467.5(3) (M1) 0.019(3) 1× 10−3
1348.3 11/2− 1795.2(3) (M1) 9.1(8) 0.01
351.2 3/2+ 2791.4(5) (E3) 0.010(2) 1
3197.3 (5/2−) 351.2 3/2+ 2846.1(4) (E1) 0.007(1) −−
3273.5 (7/2−) 3013.8 (7/2−) 259.6(2) (M1) 0.24(1) 0.3
2985.8 (9/2−) 287.7(2) (M1) 0.101(6) 0.09
2912.6 (9/2−) 361.0(2) (M1) 0.015(2) 7× 10−3
2709.3 5/2− 563.7(2) (M1) 0.18(2) 0.02
2676.0 7/2− 597.3(2) (M1) 0.098(8) 0.01
1682.8 5/2+ 1590.6(3) (E1) 2.2(2) 1× 10−4
1348.3 11/2− 1925.4(3) (E2) 0.010(2) 3× 10−3
351.2 3/2+ 2922.0(4) (M2) 0.081(9) 0.3
0.0 1/2+ 3273.8(4) (E3) 0.018(3) 2
3296.2 (9/2−) 3143.2 (9/2−) 152.7(2) (M1) 0.024(2) 0.1
2985.8 (9/2−) 310.5(2) (M1) 0.12(1) 0.07
2912.6 (9/2−) 383.6(2) (M1) 0.035(3) 0.01
1348.3 11/2− 1947.9(3) (M1) 3.9(3) 9× 10−3
351.2 3/2+ 2944.5(6) (E3) 0.005(1) 1
3336.5 (9/2−) 3197.3 (5/2−) 139.8(4) (E2) 0.0018(5) 5
3143.2 (9/2−) 192.8(2) (M1) 0.17(1) 0.01
3104.9 (9/2−) 231.6(2) (M1) 0.17(1) 7× 10−3
2985.8 (9/2−) 350.8(2) (M1) 0.51(3) 6× 10−3
2912.6 (9/2−) 423.9(2) (M1) 0.84(5) 5× 10−3
2709.3 5/2− 626.8(3) (E2) 0.017(2) 0.03
2676.0 7/2− 660.4(2) (M1) 0.17(1) 3× 10−4
1348.3 11/2− 1988.0(3) (M1) 6.1(5) 4× 10−4
351.2 3/2+ 2985.3(4) (E3) 0.20(2) 1
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3358.7 (9/2−) 3273.5 (7/2−) 85.3(5) (M1) 0.008(2) 0.2
3143.2 (9/2−) 215.3(2) (M1) 0.047(3) 0.07
3104.9 (9/2−) 254.1(2) (M1) 0.24(2) 0.2
3013.8 (7/2−) 345.2(3) (M1) 0.08(2) 0.03
2985.8 (9/2−) 373.0(2) (M1) 0.063(5) 0.02
2912.6 (9/2−) 446.3(2) (M1) 1.5(1) 0.3
2709.3 5/2− 649.5(5) (E2) 0.003(1) 0.1
2676.0 7/2− 682.6(2) (M1) 0.16(1) 8× 10−3
1348.3 11/2− 2010.5(3) (M1) 2.5(2) 5× 10−3
351.2 3/2+ 3007.3(4) (E3) 0.0066(9) 1
3430.5 (7/2−) 3197.3 (5/2−) 234.0(4) (M1) 0.0011(4) 0.1
3104.9 (9/2−) 325.8(2) (M1) 0.038(3) 1
2985.8 (9/2−) 444.7(2) (M1) 0.034(4) 0.5
2912.6 (9/2−) 518.1(2) (M1) 0.039(4) 0.3
2709.3 5/2− 720.7(2) (M1) 0.052(4) 0.2
2676.0 7/2− 754.1(2) (M1) 0.058(5) 0.2
1682.8 5/2+ 1747.8(4) (E1) 0.05(1) 1× 10−4
1348.3 11/2− 2082.2(3) (E2) 0.63(6) 7
351.2 3/2+ 3079.2(4) (M2) 0.0052(9) 0.9
3493.6 (5/2−) 351.2 3/2+ 3142.4(4) (E1) 0.010(2) −−
3569.7 (11/2−) 1348.3 11/2− 2221.4(3) (M1) 0.17(2) −−
3581.3 (9/2−) 3273.5 (7/2−) 307.8(2) (M1) 0.0069(6) 0.02
3143.2 (9/2−) 437.7(2) (M1) 0.046(3) 0.04
2985.8 (9/2−) 595.6(2) (M1) 0.061(5) 0.02
2912.6 (9/2−) 669.0(2) (M1) 0.037(4) 8× 10−3
1348.3 11/2− 2232.9(3) (M1) 0.10(1) 6× 10−4
351.2 3/2+ 3230.2(5) (E3) 0.0025(6) 1
3592.4 (7/2−) 3104.9 (9/2−) 488.3(3) (M1) 0.006(1) 0.02
1682.8 5/2+ 1909.7(3) (E1) 0.17(1) 1× 10−4
351.2 3/2+ 3241.0(4) (M2) 0.0030(5) 0.2
0.0 1/2+ 3593(1) (E3) 0.0015(8) 2
3633.6 (11/2−) 3336.5 (9/2−) 296.6(3) (M1) 0.038(8) 0.03
3273.5 (7/2−) 360.0(2) (E2) 0.005(4) 7
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3143.2 (9/2−) 490.0(2) (M1) 0.059(4) 0.1
3104.9 (9/2−) 528.7(2) (M1) 0.048(4) 8× 10−3
2985.8 (9/2−) 647.8(2) (M1) 0.25(2) 0.02
1348.3 11/2− 2285.2(3) (M1) 0.50(5) 1× 10−3
3644.2 (11/2−) 3143.2 (9/2−) 500.9(2) (M1) 0.023(1) 7× 10−3
3104.9 (9/2−) 539.6(3) (M1) 0.005(1) 1× 10−3
2985.8 (9/2−) 658.0(4) (M1) 0.005(2) 6× 10−4
2912.6 (9/2−) 731.9(3) (M1) 0.012(2) 1× 10−3
1348.3 11/2− 2296.1(3) (M1) 0.33(3) 1× 10−3
3800.0 (11/2+) 3143.2 (9/2−) 656.2(2) (E1) 0.025(2) 5× 10−3
3104.9 (9/2−) 695.8(4) (E1) 0.0014(6) 2× 10−4
1348.3 11/2− 2451.3(3) (E1) 0.027(3) 1× 10−4
3850.0 (9/2+) 3104.9 (9/2−) 745.1(4) (E1) 0.003(1) 8× 10−5
2985.8 (9/2−) 864.4(5) (E1) 0.008(2) 1× 10−4
2912.6 (9/2−) 937.9(3) (E1) 0.0022(7) 3× 10−5
2676.0 7/2− 1173.8(6) (E1) 0.015(6) 1× 10−4
3940.3 (11/2+) 3143.2 (9/2−) 796.9(2) (E1) 0.017(1) 2× 10−3
1348.3 11/2− 2592.2(3) (E1) 0.024(3) 1× 10−4
172
Table A.2: B. R.KHM3Y and B. R.obs are branching ratios accounting for M1 and E2 transitions
only. B. R.KHM3Y is the calculated branching ratio using the transition strengths B(M1), B(E2)
from the KHM3Y shell model calculations and adjusting the energies to match those of the
observed states. B. R.obs is the observed branching ratio if transitions of multipolarities other
than M1 or E2 are omitted. Transitions (including those not observed in the analysis) are
included if their observed or calculated intensities are non-zero.
Ei / keV Jpii Ef / keV Jpif Eγ / keV σL B. R.KHM3Y B. R.obs
2676.0 7/2− 1348.3 11/2− 1328.1(3) E2 100.000 100.000
2709.3 5/2− 2676.0 7/2− M1 100.000 0.000
2912.6 (9/2−) 2709.3 5/2− (E2) 0.001 0.000
2676.0 7/2− (M1) 0.017 0.000
1348.3 11/2− 1564.2(3) (M1) 99.982 100.000
2985.8 (9/2−) 2912.6 (9/2−) 73(1) (M1) 0.134 2.449
2709.3 5/2− (E2) 0.077 0.000
2676.0 7/2− 309.7(2) (M1) 0.342 3.451
1348.3 11/2− 1637.5(3) (M1) 99.447 94.100
3013.8 (7/2−) 2985.8 (9/2−) (M1) 0.013 0.000
2709.3 5/2− (M1) 28.899 0.000
2676.0 7/2− (M1) 64.355 0.000
1348.3 11/2− 1665.6(3) (E2) 6.733 100.000
3104.9 (9/2−) 3013.8 (7/2−) (M1) 0.008 0.000
2985.8 (9/2−) 119.1(2) (M1) 0.000 0.909
2912.6 (9/2−) 192.4(2) (M1) 25.729 4.722
2709.3 5/2− 395.9(3) (E2) 0.000 0.023
2676.0 7/2− 428.7(2) (M1) 0.018 1.331
1348.3 11/2− 1756.6(3) (M1) 74.245 93.016
3143.2 (9/2−) 3104.9 (9/2−) (M1) 0.259 0.000
3013.8 (7/2−) (M1) 0.238 0.000
2985.8 (9/2−) 157.7(2) (M1) 0.006 4.387
2912.6 (9/2−) 231.1(2) (M1) 7.040 6.748
2709.3 5/2− (E2) 0.051 0.000
2676.0 7/2− 467.5(3) (M1) 48.018 0.182
1348.3 11/2− 1795.2(3) (M1) 44.389 88.683
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3197.3 (5/2−) 3013.8 (7/2−) (M1) 0.770 0.000
2985.8 (9/2−) (E2) 0.008 0.000
2709.3 5/2− (M1) 23.321 0.000
2676.0 7/2− (M1) 75.900 0.000
3273.5 (7/2−) 3197.3 (5/2−) (M1) 0.052 0.000
3143.2 (9/2−) (M1) 43.292 0.000
3104.9 (9/2−) (M1) 2.386 0.000
3013.8 (7/2−) 259.6(2) (M1) 11.446 37.182
2985.8 (9/2−) 287.7(2) (M1) 4.679 15.802
2912.6 (9/2−) 361.0(2) (M1) 1.571 2.291
2709.3 5/2− 563.7(2) (M1) 34.668 27.879
2676.0 7/2− 597.3(2) (M1) 0.105 15.225
1348.3 11/2− 1925.4(3) (E2) 1.802 1.621
3296.2 (9/2−) 3273.5 (7/2−) (M1) 0.008 0.000
3143.2 (9/2−) 152.7(2) (M1) 0.606 0.570
3104.9 (9/2−) (M1) 0.011 0.000
3013.8 (7/2−) (M1) 1.332 0.000
2985.8 (9/2−) 310.5(2) (M1) 0.717 2.942
2912.6 (9/2−) 383.6(2) (M1) 77.155 0.856
2709.3 5/2− (E2) 0.024 0.000
2676.0 7/2− (M1) 0.099 0.000
1348.3 11/2− 1947.9(3) (M1) 20.048 95.631
3336.5 (9/2−) 3296.2 (9/2−) (M1) 0.003 0.000
3273.5 (7/2−) (M1) 0.586 0.000
3197.3 (5/2−) 139.8(4) (E2) 0.000 0.022
3143.2 (9/2−) 192.8(2) (M1) 11.717 2.140
3104.9 (9/2−) 231.6(2) (M1) 17.387 2.096
3013.8 (7/2−) (M1) 15.878 0.000
2985.8 (9/2−) 350.8(2) (M1) 4.872 6.363
2912.6 (9/2−) 423.9(2) (M1) 23.123 10.502
2709.3 5/2− 626.8(3) (E2) 0.179 0.217
2676.0 7/2− 660.4(2) (M1) 0.722 2.067
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1348.3 11/2− 1988.0(3) (M1) 25.533 76.592
3358.7 (9/2−) 3336.5 (9/2−) (M1) 0.001 0.000
3296.2 (9/2−) (M1) 0.103 0.000
3273.5 (7/2−) 85.3(5) (M1) 1.164 0.170
3143.2 (9/2−) 215.3(2) (M1) 1.201 1.020
3104.9 (9/2−) 254.1(2) (M1) 74.051 5.288
3013.8 (7/2−) 345.2(3) (M1) 0.038 1.679
2985.8 (9/2−) 373.0(2) (M1) 1.205 1.362
2912.6 (9/2−) 446.3(2) (M1) 21.235 31.676
2709.3 5/2− 649.5(5) (E2) 0.166 0.057
2676.0 7/2− 682.6(2) (M1) 0.559 3.391
1348.3 11/2− 2010.5(3) (M1) 0.278 55.358
3430.5 (7/2−) 3358.7 (9/2−) (M1) 0.090 0.000
3296.2 (9/2−) (M1) 3.217 0.000
3273.5 (7/2−) (M1) 4.140 0.000
3197.3 (5/2−) 234.0(4) (M1) 1.489 0.130
3143.2 (9/2−) (M1) 16.117 0.000
3104.9 (9/2−) 325.8(2) (M1) 12.108 4.521
3013.8 (7/2−) (M1) 5.183 0.000
2985.8 (9/2−) 444.7(2) (M1) 2.600 3.954
2912.6 (9/2−) 518.1(2) (M1) 6.210 4.603
2709.3 5/2− 720.7(2) (M1) 0.833 6.102
2676.0 7/2− 754.1(2) (M1) 17.179 6.858
1348.3 11/2− 2082.2(3) (E2) 30.833 73.831
3581.3 (9/2−) 3430.5 (7/2−) (M1) 0.210 0.000
3358.7 (9/2−) (M1) 2.139 0.000
3336.5 (9/2−) (M1) 14.018 0.000
3296.2 (9/2−) (M1) 4.880 0.000
3273.5 (7/2−) 307.8(2) (M1) 0.136 2.803
3143.2 (9/2−) 437.7(2) (M1) 0.037 18.562
3104.9 (9/2−) (M1) 23.764 0.000
3013.8 (7/2−) (M1) 3.300 0.000
2985.8 (9/2−) 595.6(2) (M1) 4.172 24.695
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2912.6 (9/2−) 669.0(2) (M1) 1.549 15.028
2709.3 5/2− (E2) 0.321 0.000
2676.0 7/2− (M1) 28.561 0.000
1348.3 11/2− 2232.9(3) (M1) 16.914 38.911
3592.4 (7/2−) 3430.5 (7/2−) (M1) 2.158 0.000
3358.7 (9/2−) (M1) 1.483 0.000
3336.5 (9/2−) (M1) 1.277 0.000
3296.2 (9/2−) (M1) 16.860 0.000
3273.5 (7/2−) (M1) 0.706 0.000
3197.3 (5/2−) (M1) 0.261 0.000
3143.2 (9/2−) (M1) 15.280 0.000
3104.9 (9/2−) 488.3(3) (M1) 34.586 100.000
3013.8 (7/2−) (M1) 3.486 0.000
2985.8 (9/2−) (M1) 0.643 0.000
2912.6 (9/2−) (M1) 9.891 0.000
2709.3 5/2− (M1) 4.320 0.000
2676.0 7/2− (M1) 2.745 0.000
1348.3 11/2− (E2) 6.304 0.000
3633.6 (11/2−) 3430.5 (7/2−) (E2) 0.002 0.000
3358.7 (9/2−) (M1) 5.254 0.000
3336.5 (9/2−) 296.6(3) (M1) 16.862 4.279
3296.2 (9/2−) (M1) 0.800 0.000
3273.5 (7/2−) 360.0(2) (E2) 0.000 0.614
3143.2 (9/2−) 490.0(2) (M1) 3.657 6.625
3104.9 (9/2−) 528.7(2) (M1) 65.079 5.396
3013.8 (7/2−) (E2) 0.150 0.000
2985.8 (9/2−) 647.8(2) (M1) 0.237 27.516
2912.6 (9/2−) (M1) 1.672 0.000
2676.0 7/2− (E2) 0.309 0.000
1348.3 11/2− 2285.2(3) (M1) 5.936 55.569
3644.2 (11/2−) 3358.7 (9/2−) (M1) 36.306 0.000
3336.5 (9/2−) (M1) 10.463 0.000
3296.2 (9/2−) (M1) 0.697 0.000
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3143.2 (9/2−) 500.9(2) (M1) 19.782 6.119
3104.9 (9/2−) 539.6(3) (M1) 11.092 1.449
3013.8 (7/2−) (E2) 0.002 0.000
2985.8 (9/2−) 658.0(4) (M1) 0.004 1.261
2912.6 (9/2−) 731.9(3) (M1) 20.867 3.328
2676.0 7/2− (E2) 0.126 0.000
1348.3 11/2− 2296.1(3) (M1) 0.659 87.842
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Appendix B
Excited states in 207Tl predicted
by shell model calculations
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Table B.1: States below Qβ = 4.55(3) MeV with spin 5/2 – 13/2 in 207Tl as predicted by KHM3Y shell model calculations. Only the
first ten states of each spin-parity are included. Orbital configurations are shown for all contributions of 5.0% or greater. Excitations
of octupole character are in bold (though only where the phonon contribution couples to J ≤ 3). Overall state ‘character’ is included
where it can be inferred from the wavefunction contributions.
E / keV Jpi Dominant configuration Character
2453 7/2−1
7% pis−11/2 νi
−1
13/2 νj15/2 + 5% pis
−1
1/2 pih
−1
11/2 pii13/2 + 9% pis
−1
1/2 νf
−1
5/2 νi11/2
+ 16% pis−11/2 νp
−1
3/2 νg9/2 + 13% pid
−1
3/2 pis
−1
1/2 pih9/2 + 11% pis
−2
1/2 pif7/2
pis−11/2 × 3−
2489 5/2−1
7% pis−11/2 νi
−1
13/2 νj15/2 + 6% pis
−1
1/2 pih
−1
11/2 pii13/2 + 10% pis
−1
1/2 νf
−1
5/2 νi11/2
+ 16% pis−11/2 νp
−1
3/2 νg9/2 + 12% pid
−1
3/2 pis
−1
1/2 pih9/2 + 5% pid
−1
3/2 pis
−1
1/2 pif7/2
pis−11/2 × 3−
2743 9/2−1
7% pid−13/2 νi
−1
13/2 νj15/2 + 6% pid
−1
3/2 pih
−1
11/2 pii13/2 + 11% pid
−1
3/2 νf
−1
5/2 νi11/2
+ 13% pid−13/2 νp
−1
3/2 νg9/2 + 17% pid
−2
3/2 pih9/2 + 9% pid
−1
3/2 pis
−1
1/2 pif7/2
pid−13/2 × 3−
2784 7/2−2
7% pid−13/2 νi
−1
13/2 νj15/2 + 6% pid
−1
3/2 pih
−1
11/2 pii13/2 + 10% pid
−1
3/2 νf
−1
5/2 νi11/2
+ 15% pid−13/2 νp
−1
3/2 νg9/2 + 8% pid
−1
3/2 pis
−1
1/2 pif7/2 + 13% pid
−2
3/2 pih9/2
pid−13/2 × 3−
2911 5/2−2
7% pid−13/2 νi
−1
13/2 νj15/2 + 5% pid
−1
3/2 pih
−1
11/2 pii13/2 + 10% pid
−1
3/2 νf
−1
5/2 νi11/2
+ 13% pid−13/2 νp
−1
3/2 νg9/2 + 5% pid
−1
3/2 pis
−1
1/2 pif7/2 + 10% pid
−2
3/2 pih9/2
pid−13/2 × 3−
3012 9/2−2 38% pis−11/2 νp
−1
1/2 νg9/2 + 33% pis
−2
1/2 pih9/2
3180 9/2−3
6% pis−11/2 νf
−1
5/2 νg9/2 + 14% pid
−1
3/2 νp
−1
1/2 νg9/2 + 38% pis
−1
1/2 νp
−1
1/2 νg9/2
+ 22% pis−21/2 pih9/2
3227 11/2−2 24% pid−13/2 νp
−1
1/2 νg9/2 + 59% pis
−1
1/2 νp
−1
1/2 νg9/2
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3358 11/2−3 18% pis−11/2 νf
−1
5/2 νg9/2 + 47% pid
−1
3/2 νp
−1
1/2 νg9/2 + 15% pis
−1
1/2 νp
−1
1/2 νg9/2
3392 7/2−3
7% pid−13/2 νf
−1
5/2 νg9/2 + 12% pis
−1
1/2 νf
−1
5/2 νg9/2 + 42% pid
−1
3/2 νp
−1
1/2 νg9/2
+ 31% pis−11/2 νp
−1
1/2 νg9/2
3409 9/2−4 10% pis−11/2 νf
−1
5/2 νg9/2 + 45% pid
−1
3/2 νp
−1
1/2 νg9/2 + 23% pis
−1
1/2 νp
−1
1/2 νg9/2
3466 13/2−1 6% pid−13/2 νf
−1
5/2 νg9/2 + 23% pis
−1
1/2 νf
−1
5/2 νg9/2 + 56% pid
−1
3/2 νp
−1
1/2 νg9/2
3485 9/2−5
5% pid−13/2 νf
−1
5/2 νg9/2 + 14% pis
−1
1/2 νf
−1
5/2 νg9/2 + 7% pis
−1
1/2 νp
−1
3/2 νg9/2
+ 42% pis−11/2 νp
−1
1/2 νg9/2 + 9% pis
−2
1/2 pih9/2
3564 7/2−4 7% pis−11/2 νf
−1
5/2 νg9/2 + 45% pid
−1
3/2 νp
−1
1/2 νg9/2 + 13% pis
−1
1/2 νp
−1
1/2 νg9/2
3611 9/2−6
11% pid−13/2 νf
−1
5/2 νg9/2 + 10% pis
−1
1/2 νf
−1
5/2 νg9/2 + 6% pid
−1
3/2 νp
−1
1/2 νi11/2
+ 29% pid−13/2 νp
−1
1/2 νg9/2 + 14% pis
−1
1/2 νp
−1
1/2 νg9/2
3665 11/2−4
16% pid−13/2 νf
−1
5/2 νg9/2 + 28% pis
−1
1/2 νf
−1
5/2 νg9/2 + 7% pid
−1
3/2 νp
−1
1/2 νi11/2
+ 8% pid−13/2 νp
−1
1/2 νg9/2 + 7% pis
−1
1/2 νp
−1
1/2 νi11/2 + 7% pid
−1
3/2 pis
−1
1/2 pih9/2
+ 6% pis−11/2 νp
−1
1/2 νg9/2
3676 5/2−3 7% pid−13/2 νf
−1
5/2 νg9/2 + 24% pis
−1
1/2 νf
−1
5/2 νg9/2 + 56% pid
−1
3/2 νp
−1
1/2 νg9/2
3679 7/2+2
8% pih−111/2 νi
−1
13/2 νj15/2 + 9% pih
−1
11/2 νf
−1
5/2 νi11/2 + 8% pih
−2
11/2 pii13/2
+ 16% pih−111/2 νp
−1
3/2 νg9/2 + 12% pid
−1
3/2 pih
−1
11/2 pih9/2 + 8% pis
−1
1/2 pih
−1
11/2 pif7/2
pih−111/2 × 3−
3693 11/2−5 24% pis−11/2 νf
−1
5/2 νg9/2 + 45% pis
−1
1/2 νp
−1
3/2 νg9/2 + 5% pis
−1
1/2 νp
−1
1/2 νi11/2
180
3747 9/2−7
7% pid−13/2 νf
−1
5/2 νg9/2 + 8% pis
−1
1/2 νf
−1
5/2 νg9/2 + 21% pis
−1
1/2 νp
−1
3/2 νg9/2
+ 41% pid−13/2 νp
−1
1/2 νg9/2
3748 7/2−5
6% pid−13/2 νf
−1
5/2 νg9/2 + 22% pis
−1
1/2 νf
−1
5/2 νg9/2 + 22% pis
−1
1/2 νp
−1
3/2 νg9/2
+ 9% pid−13/2 νp
−1
1/2 νg9/2 + 15% pis
−1
1/2 νp
−1
1/2 νg9/2
3787 13/2+1
9% pih−111/2 νi
−1
13/2 νj15/2 + 5% pih
−2
11/2 pii13/2 + 9% pih
−1
11/2 νf
−1
5/2 νi11/2
+ 14% pih−111/2 νp
−1
3/2 νg9/2 + 14% pid
−1
3/2 pih
−1
11/2 pih9/2 + 9% pis
−1
1/2 pih
−1
11/2 pif7/2
pih−111/2 × 3−
3817 13/2−2
20% pid−13/2 νf
−1
5/2 νg9/2 + 35% pis
−1
1/2 νf
−1
5/2 νg9/2 + 10% pid
−1
3/2 νp
−1
1/2 νi11/2
+ 8% pis−11/2 νp
−1
3/2 νg9/2 + 8% pid
−1
3/2 pis
−1
1/2 pih9/2
3832 11/2+1
8% pih−111/2 νi
−1
13/2 νj15/2 + 9% pih
−1
11/2 νf
−1
5/2 νi11/2 + 16% pih
−1
11/2 νp
−1
3/2 νg9/2
+ 13% pid−13/2 pih
−1
11/2 pih9/2 + 9% pis
−1
1/2 pih
−1
11/2 pif7/2
pih−111/2 × 3−
3850 9/2+1
7% pih−111/2 νi
−1
13/2 νj15/2 + 5% pih
−2
11/2 pii13/2 + 10% pih
−1
11/2 νf
−1
5/2 νi11/2
+ 16% pih−111/2 νp
−1
3/2 νg9/2 + 14% pid
−1
3/2 pih
−1
11/2 pih9/2 + 9% pis
−1
1/2 pih
−1
11/2 pif7/2
pih−111/2 × 3−
3865 13/2−3 6% pid−13/2 νf
−1
5/2 νg9/2 + 45% pis
−1
1/2 νf
−1
5/2 νg9/2 + 31% pis
−1
1/2 νp
−1
3/2 νg9/2
3871 11/2−6 16% pis−11/2 νf
−1
5/2 νg9/2 + 10% pid
−1
3/2 νp
−1
1/2 νi11/2 + 54% pis
−1
1/2 νp
−1
1/2 νi11/2
3890 7/2−6
11% pid−13/2 νp
−1
3/2 νg9/2 + 8% pis
−1
1/2 νf
−1
5/2 νg9/2 + 21% pis
−1
1/2 νp
−1
3/2 νg9/2
+ 25% pid−13/2 νp
−1
1/2 νg9/2 + 15% pis
−1
1/2 νp
−1
1/2 νg9/2
3893 5/2+2
8% pih−111/2 νi
−1
13/2 νj15/2 + 7% pih
−1
11/2 νf
−1
5/2 νi11/2 + 5% pih
−2
11/2 pii13/2
+ 13% pih−111/2 νp
−1
3/2 νg9/2 + 10% pid
−1
3/2 pih
−1
11/2 pih9/2 + 12% pis
−1
1/2 pih
−1
11/2 pif7/2
pih−111/2 × 3−
181
3898 9/2−8
6% pid−13/2 νf
−1
5/2 νg9/2 + 7% pis
−1
1/2 νf
−1
5/2 νg9/2 + 9% pid
−1
3/2 νp
−1
1/2 νi11/2
+ 30% pis−11/2 νp
−1
3/2 νg9/2 + 9% pid
−1
3/2 νp
−1
1/2 νg9/2 + 5% pid
−1
3/2 pis
−1
1/2 pih9/2
+ 6% pis−11/2 νp
−1
1/2 νi11/2 + 8% pis
−1
1/2 νp
−1
1/2 νg9/2
3903 11/2−7
20% pid−13/2 νf
−1
5/2 νg9/2 + 22% pis
−1
1/2 νf
−1
5/2 νg9/2 + 13% pis
−1
1/2 νp
−1
3/2 νg9/2
+ 10% pis−11/2 νp
−1
1/2 νi11/2
3931 7/2−7
5% pid−15/2 νf
−1
5/2 νi11/2 + 8% pid
−1
5/2 νp
−1
3/2 νg9/2 + 9% pid
−1
5/2 pid
−1
3/2 pih9/2
+ 11% pis−11/2 νf
−1
5/2 νg9/2 + 5% pid
−1
3/2 νp
−1
1/2 νg9/2 + 5% pid
−1
5/2 pis
−1
1/2 pif7/2
pid−15/2 × 3−
3955 13/2−4
7% pid−13/2 νf
−1
5/2 νg9/2 + 34% pis
−1
1/2 νf
−1
5/2 νg9/2 + 15% pid
−1
3/2 νp
−1
1/2 νi11/2
+ 12% pis−11/2 νp
−1
3/2 νg9/2 + 8% pid
−1
3/2 νp
−1
1/2 νg9/2 + 9% pid
−1
3/2 pis
−1
1/2 pih9/2
3958 5/2−4
6% pid−15/2 νi
−1
13/2 νj15/2 + 9% pid
−1
5/2 νf
−1
5/2 νi11/2 + 14% pid
−1
5/2 νp
−1
3/2 νg9/2
+ 12% pid−15/2 pid
−1
3/2 pih9/2 + 7% pid
−1
5/2 pis
−1
1/2 pif7/2
pid−15/2 × 3−
3975 11/2−8
8% pid−13/2 νf
−1
5/2 νg9/2 + 8% pis
−1
1/2 νf
−1
5/2 νg9/2 + 7% pis
−1
1/2 νp
−1
3/2 νg9/2
+ 44% pid−13/2 νp
−1
1/2 νg9/2
3977 9/2−9
5% pid−15/2 νi
−1
13/2 νj15/2 + 7% pid
−1
5/2 νf
−1
5/2 νi11/2 + 7% pid
−1
3/2 νf
−1
5/2 νg9/2
+ 12% pid−15/2 νp
−1
3/2 νg9/2 + 10% pid
−1
5/2 pid
−1
3/2 pih9/2 + 7% pid
−1
5/2 pis
−1
1/2 pif7/2
+ 7% pis−11/2 νp
−1
1/2 νi11/2
pid−15/2 × 3−
4039 11/2−9
11% pid−13/2 νf
−1
5/2 νg9/2 + 8% pid
−1
5/2 νp
−1
3/2 νg9/2 + 8% pid
−1
5/2 pid
−1
3/2 pih9/2
+ 6% pid−13/2 νp
−1
1/2 νi11/2 + 14% pid
−1
3/2 νp
−1
1/2 νg9/2 + 5% pid
−1
5/2 pis
−1
1/2 pif7/2
182
4053 5/2−5
8% pis−11/2 νf
−1
5/2 νi11/2 + 22% pis
−1
1/2 νf
−1
5/2 νg9/2
+ 38% pis−11/2 νp
−1
3/2 νg9/2 + 8% pid
−1
3/2 pis
−1
1/2 pih9/2
4053 13/2−5
17% pid−13/2 νf
−1
5/2 νg9/2 + 12% pis
−1
1/2 νf
−1
5/2 νi11/2 + 31% pid
−1
3/2 νp
−1
1/2 νi11/2
+ 9% pis−11/2 νp
−1
3/2 νg9/2 + 18% pis
−1
1/2 νp
−1
1/2 νi11/2
4079 7/2−8
13% pid−13/2 νf
−1
5/2 νg9/2 + 50% pis
−1
1/2 νf
−1
5/2 νg9/2 + 5% pid
−1
3/2 pis
−1
1/2 pih9/2
+ 5% pis−21/2 pif7/2
4108 11/2−10
7% pis−11/2 νf
−1
5/2 νi11/2 + 29% pid
−1
3/2 νp
−1
1/2 νi11/2 + 7% pid
−1
3/2 νp
−1
1/2 νg9/2
+ 16% pis−11/2 νp
−1
1/2 νi11/2 + 7% pid
−1
3/2 pis
−1
1/2 pih9/2
4110 9/2−10
15% pis−11/2 νf
−1
5/2 νi11/2 + 12% pis
−1
1/2 νf
−1
5/2 νg9/2 + 18% pid
−1
3/2 νp
−1
1/2 νi11/2
+ 9% pis−11/2 νp
−1
3/2 νg9/2 + 7% pid
−1
3/2 pis
−1
1/2 pih9/2 + 11% pid
−2
3/2 pih9/2
4131 7/2−9
9% pid−13/2 νf
−1
5/2 νg9/2 + 9% pis
−1
1/2 νf
−1
5/2 νg9/2 + 7% pis
−1
1/2 νp
−1
3/2 νg9/2
+ 23% pid−13/2 νp
−1
1/2 νg9/2 + 15% pid
−1
3/2 pis
−1
1/2 pih9/2 + 9% pis
−2
1/2 pif7/2
4159 13/2−6
31% pid−13/2 νf
−1
5/2 νg9/2 + 15% pid
−1
3/2 νp
−1
1/2 νi11/2 + 6% pis
−1
1/2 νp
−1
3/2 νg9/2
+ 5% pid−13/2 νp
−1
1/2 νg9/2 + 15% pis
−1
1/2 νp
−1
1/2 νi11/2 + 12% pid
−1
3/2 pis
−1
1/2 pih9/2
4204 5/2−6
13% pid−13/2 νf
−1
5/2 νg9/2 + 53% pis
−1
1/2 νf
−1
5/2 νg9/2 + 8% pid
−1
3/2 νp
−1
1/2 νg9/2
+ 6% pid−13/2 pis
−1
1/2 pih9/2
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4246 7/2−10
6% pid−13/2 νf
−1
5/2 νg9/2 + 6% pis
−1
1/2 νf
−1
5/2 νi11/2 + 10% pis
−1
1/2 νf
−1
5/2 νg9/2
+ 7% pid−15/2 νp
−1
1/2 νg9/2 + 24% pis
−1
1/2 νp
−1
3/2 νg9/2 + 6% pid
−1
3/2 νp
−1
1/2 νg9/2
+ 12% pid−13/2 pis
−1
1/2 pih9/2
4282 13/2−7
20% pid−13/2 νf
−1
5/2 νg9/2 + 7% pis
−1
1/2 νf
−1
5/2 νi11/2 + 20% pis
−1
1/2 νf
−1
5/2 νg9/2
+ 9% pis−11/2 νp
−1
3/2 νg9/2 + 7% pid
−1
3/2 νp
−1
1/2 νg9/2 + 11% pis
−1
1/2 νp
−1
1/2 νi11/2
4322 13/2−8
6% pid−13/2 νf
−1
5/2 νi11/2 + 14% pis
−1
1/2 νf
−1
5/2 νi11/2 + 11% pis
−1
1/2 νf
−1
5/2 νg9/2
+ 7% pis−11/2 νp
−1
3/2 νi11/2 + 7% pis
−1
1/2 νp
−1
3/2 νg9/2 + 8% pid
−1
3/2 νp
−1
1/2 νg9/2
+ 20% pis−11/2 νp
−1
1/2 νi11/2 + 6% pid
−1
3/2 pis
−1
1/2 pih9/2
4384 5/2−7
16% pid−13/2 νf
−1
5/2 νg9/2 + 25% pis
−1
1/2 νf
−1
5/2 νg9/2 + 9% pis
−1
1/2 νp
−1
3/2 νg9/2
+ 24% pid−13/2 νp
−1
1/2 νg9/2 + 5% pid
−1
3/2 pis
−1
1/2 pih9/2
4416 5/2−8 65% pid−13/2 νf
−1
5/2 νg9/2
4420 13/2+2 79% pih−111/2 νp
−1
1/2 νg9/2
4432 11/2+2 80% pih−111/2 νp
−1
1/2 νg9/2
4455 13/2−9 65% pid−13/2 νf
−1
5/2 νg9/2 + 6% pis
−1
1/2 νf
−1
5/2 νg9/2
4463 9/2+1 78% pih−111/2 νp
−1
1/2 νg9/2
4505 7/2+3 5% pih−111/2 νp
−1
3/2 νg9/2 + 76% pih
−1
11/2 νp
−1
1/2 νg9/2
4515 13/2−10
10% pid−13/2 νf
−1
5/2 νg9/2 + 16% pis
−1
1/2 νf
−1
5/2 νi11/2 + 36% pis
−1
1/2 νp
−1
3/2 νi11/2
+ 17% pid−13/2 νp
−1
1/2 νi11/2 + 5% pis
−1
1/2 νp
−1
1/2 νi11/2
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4532 5/2+3 5% pih−111/2 νp
−1
3/2 νg9/2 + 11% pis
−1
1/2 νi
−1
13/2 νg9/2 + 58% pih
−1
11/2 νp
−1
1/2 νg9/2
4543 5/2−9
10% pid−13/2 νf
−1
5/2 νi11/2 + 15% pid
−1
3/2 νf
−1
5/2 νg9/2 + 16% pid
−1
3/2 νp
−1
3/2 νg9/2
+ 33% pid−23/2 pih9/2
185
Table B.2: States below Qβ = 4.55(3) MeV with spin 5/2 – 13/2 in 207Tl as predicted by KHH7B shell model calculations. t=0
mixing is included in this calculation. Only the first ten states of each spin-parity are included. Orbital configurations are shown for all
contributions of 5.0% or greater. Excitations of octupole character are in bold (though only where the phonon contribution couples to
J ≤ 3). State character is included where it can be inferred from the wavefunction contributions. Brackets indicate split strength.
E / keV Jpi Dominant configuration Character
3433 9/2−1 10% pid−13/2 νp
−1
1/2 νg9/2 + 65% pis
−1
1/2 νp
−1
1/2 νg9/2 + 10% pis
−2
1/2 pih9/2
3551 9/2−2 11% pid−23/2 pih9/2 + 8% pis
−1
1/2 νp
−1
1/2 νg9/2 + 56% pis
−2
1/2 pih9/2
3598 11/2−2 6% pis−11/2 νf
−1
5/2 νg9/2 + 35% pid
−1
3/2 νp
−1
1/2 νg9/2 + 50% pis
−1
1/2 νp
−1
1/2 νg9/2
3694 7/2−1
5% pid−13/2 νf
−1
5/2 νg9/2 + 7% pis
−1
1/2 νf
−1
5/2 νg9/2 + 6% pis
−1
1/2 νp
−1
3/2 νg9/2
+ 35% pid−13/2 νp
−1
1/2 νg9/2 + 38% pis
−1
1/2 νp
−1
1/2 νg9/2
3752 7/2−2
14% pis−11/2 νf
−1
5/2 νi11/2 + 26% pis
−1
1/2 νp
−1
3/2 νg9/2 + 8% pid
−1
3/2 νp
−1
1/2 νg9/2
+ 21% pid−13/2 pis
−1
1/2 pih9/2 + 14% pis
−2
1/2 pif7/2
pis−11/2 × 3−
3761 9/2−3
5% pid−13/2 νf
−1
5/2 νg9/2 + 6% pis
−1
1/2 νf
−1
5/2 νg9/2 + 6% pis
−1
1/2 νp
−1
3/2 νg9/2
+ 35% pid−13/2 νp
−1
1/2 νg9/2 + 39% pis
−1
1/2 νp
−1
1/2 νg9/2
3777 11/2−3
5% pid−13/2 νf
−1
5/2 νg9/2 + 15% pis
−1
1/2 νf
−1
5/2 νg9/2 + 37% pid
−1
3/2 νp
−1
1/2 νg9/2
+ 34% pis−11/2 νp
−1
1/2 νg9/2
3857 9/2−4
6% pid−13/2 νf
−1
5/2 νg9/2 + 19% pis
−1
1/2 νf
−1
5/2 νg9/2 + 12% pid
−1
3/2 νp
−1
1/2 νg9/2
+ 43% pis−11/2 νp
−1
1/2 νg9/2
3859 5/2−1 19% pis−11/2 νf
−1
5/2 νi11/2 + 31% pis
−1
1/2 νp
−1
3/2 νg9/2 + 26% pid
−1
3/2 pis
−1
1/2 pih9/2 pis
−1
1/2 × 3−
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3872 13/2−1 7% pid−13/2 νf
−1
5/2 νg9/2 + 28% pis
−1
1/2 νf
−1
5/2 νg9/2 + 54% pid
−1
3/2 νp
−1
1/2 νg9/2
4003 7/2−3
22% pis−11/2 νf
−1
5/2 νg9/2 + 7% pis
−1
1/2 νp
−1
3/2 νg9/2 + 36% pid
−1
3/2 νp
−1
1/2 νg9/2
+ 18% pis−11/2 νp
−1
1/2 νg9/2
4059 9/2−5
8% pis−11/2 νf
−1
5/2 νg9/2 + 6% pid
−1
3/2 νp
−1
1/2 νi11/2 + 6% pis
−1
1/2 νp
−1
3/2 νg9/2
+ 54% pid−13/2 νp
−1
1/2 νg9/2
4067 5/2−2 6% pid−13/2 νf
−1
5/2 νg9/2 + 23% pis
−1
1/2 νf
−1
5/2 νg9/2 + 60% pid
−1
3/2 νp
−1
1/2 νg9/2
4077 11/2−4 30% pis−11/2 νf
−1
5/2 νg9/2 + 51% pis
−1
1/2 νp
−1
3/2 νg9/2 + 7% pid
−1
3/2 νp
−1
1/2 νg9/2
4108 11/2−5
15% pis−11/2 νf
−1
5/2 νg9/2 + 14% pid
−1
3/2 νp
−1
1/2 νi11/2 + 41% pis
−1
1/2 νp
−1
1/2 νi11/2
+ 6% pid−13/2 pis
−1
1/2 pih9/2
4113 9/2−6
6% pid−13/2 νf
−1
5/2 νi11/2 + 6% pid
−1
3/2 νf
−1
5/2 νg9/2 + 5% pid
−1
3/2 νp
−1
3/2 νg9/2
+ 9% pis−11/2 νf
−1
5/2 νg9/2 + 11% pis
−1
1/2 νp
−1
3/2 νg9/2 + 26% pid
−1
3/2 νp
−1
1/2 νg9/2
+ 12% pid−23/2 pih9/2 + 5% pis
−1
1/2 νp
−1
1/2 νg9/2
(pid−13/2 × 3−)
4132 7/2−4
5% pid−13/2 νi
−1
13/2 νj15/2 + 17% pid
−1
3/2 νf
−1
5/2 νi11/2 + 19% pid
−1
3/2 νp
−1
3/2 νg9/2
+ 6% pid−13/2 pis
−1
1/2 pif7/2 + 27% pid
−2
3/2 pih9/2
(pid−13/2 × 3−)
4175 9/2−7
11% pid−13/2 νf
−1
5/2 νi11/2 + 9% pid
−1
3/2 νp
−1
3/2 νg9/2 + 8% pis
−1
1/2 νf
−1
5/2 νg9/2
+ 20% pis−11/2 νp
−1
3/2 νg9/2 + 8% pid
−1
3/2 νp
−1
1/2 νg9/2 + 18% pid
−2
3/2 pih9/2
+ 7% pis−21/2 pih9/2
(pid−13/2 × 3−)
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4208 7/2−5
5% pid−13/2 νp
−1
3/2 νg9/2 + 24% pis
−1
1/2 νf
−1
5/2 νg9/2 + 25% pis
−1
1/2 νp
−1
3/2 νg9/2
+ 20% pid−13/2 νp
−1
1/2 νg9/2 + 7% pid
−1
3/2 pis
−1
1/2 pih9/2
(pid−13/2 × 3−)
4218 11/2−6 7% pid−13/2 νf
−1
5/2 νg9/2 + 36% pis
−1
1/2 νf
−1
5/2 νg9/2 + 29% pis
−1
1/2 νp
−1
1/2 νi11/2
4233 13/2−2
10% pid−13/2 νf
−1
5/2 νg9/2 + 37% pis
−1
1/2 νf
−1
5/2 νg9/2 + 6% pid
−1
3/2 νp
−1
1/2 νi11/2
+ 22% pis−11/2 νp
−1
3/2 νg9/2 + 13% pid
−1
3/2 νp
−1
1/2 νg9/2
4239 13/2−3 8% pid−13/2 νf
−1
5/2 νg9/2 + 61% pis
−1
1/2 νf
−1
5/2 νg9/2 + 18% pis
−1
1/2 νp
−1
3/2 νg9/2
4290 7/2−6
6% pid−13/2 νf
−1
5/2 νg9/2 + 9% pid
−1
3/2 νp
−1
3/2 νg9/2 + 43% pid
−1
3/2 νp
−1
1/2 νg9/2
+ 18% pis−11/2 νp
−1
1/2 νg9/2
4311 5/2−3
18% pid−13/2 νf
−1
5/2 νi11/2 + 5% pid
−1
3/2 νf
−1
5/2 νg9/2 + 18% pid
−1
3/2 νp
−1
3/2 νg9/2
+ 6% pid−13/2 pis
−1
1/2 pih9/2 + 6% pid
−1
3/2 pis
−1
1/2 pif7/2 + 27% pid
−2
3/2 pih9/2
pid−13/2 × 3−
4313 9/2−8
6% pis−11/2 νf
−1
5/2 νg9/2 + 22% pid
−1
3/2 νp
−1
1/2 νi11/2 + 7% pis
−1
1/2 νp
−1
3/2 νg9/2
+ 5% pid−13/2 νp
−1
1/2 νg9/2 + 33% pis
−1
1/2 νp
−1
1/2 νi11/2 + 5% pid
−2
3/2 pih9/2
4314 13/2−4
5% pid−13/2 νf
−1
5/2 νi11/2 + 10% pis
−1
1/2 νf
−1
5/2 νi11/2 + 11% pis
−1
1/2 νf
−1
5/2 νg9/2
+ 38% pid−13/2 νp
−1
1/2 νi11/2 + 5% pis
−1
1/2 νp
−1
3/2 νg9/2 + 7% pis
−1
1/2 νp
−1
1/2 νi11/2
+ 6% pid−13/2 pis
−1
1/2 pih9/2
4324 11/2−7
26% pid−13/2 νf
−1
5/2 νg9/2 + 23% pis
−1
1/2 νf
−1
5/2 νg9/2 + 5% pid
−1
3/2 νp
−1
1/2 νi11/2
+ 14% pis−11/2 νp
−1
3/2 νg9/2 + 5% pis
−1
1/2 νp
−1
1/2 νi11/2 + 8% pid
−1
3/2 pis
−1
1/2 pih9/2
4353 9/2−9 62% pis−11/2 νf
−1
5/2 νg9/2 + 9% pid
−1
3/2 νp
−1
1/2 νi11/2
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4391 11/2−8 5% pis−11/2 νf
−1
5/2 νg9/2 + 71% pid
−1
3/2 νp
−1
1/2 νg9/2
4413 13/2−5
22% pid−13/2 νf
−1
5/2 νg9/2 + 19% pid
−1
3/2 νp
−1
1/2 νi11/2 + 10% pis
−1
1/2 νp
−1
3/2 νg9/2
+ 22% pis−11/2 νp
−1
1/2 νi11/2 + 9% pid
−1
3/2 pis
−1
1/2 pih9/2
4429 7/2−7 15% pid−13/2 νf
−1
5/2 νg9/2 + 64% pis
−1
1/2 νf
−1
5/2 νg9/2
4439 11/2−9
11% pis−11/2 νf
−1
5/2 νi11/2 + 37% pid
−1
3/2 νp
−1
1/2 νi11/2 + 6% pis
−1
1/2 νp
−1
3/2 νg9/2
+ 13% pis−11/2 νp
−1
1/2 νi11/2 + 5% pid
−1
3/2 pis
−1
1/2 pih9/2
4455 9/2−10
16% pid−13/2 νf
−1
5/2 νg9/2 + 7% pis
−1
1/2 νf
−1
5/2 νi11/2 + 7% pis
−1
1/2 νf
−1
5/2 νg9/2
+ 12% pid−13/2 νp
−1
1/2 νi11/2 + 17% pid
−1
3/2 pis
−1
1/2 pih9/2 + 9% pis
−1
1/2 νp
−1
1/2 νi11/2
+ 9% pid−23/2 pih9/2
4512 5/2−4
6% pis−11/2 νf
−1
5/2 νi11/2 + 26% pis
−1
1/2 νf
−1
5/2 νg9/2 + 28% pis
−1
1/2 νp
−1
3/2 νg9/2
+ 11% pid−13/2 pis
−1
1/2 pih9/2 + 5% pid
−2
3/2 pih9/2
4513 13/2−6
38% pid−13/2 νf
−1
5/2 νg9/2 + 11% pid
−1
3/2 νp
−1
1/2 νi11/2 + 10% pis
−1
1/2 νp
−1
3/2 νg9/2
+ 6% pid−13/2 νp
−1
1/2 νg9/2 + 11% pis
−1
1/2 νp
−1
1/2 νi11/2 + 9% pid
−1
3/2 pis
−1
1/2 pih9/2
4516 7/2−8
5% pid−13/2 νf
−1
5/2 νg9/2 + 7% pid
−1
3/2 νp
−1
1/2 νi11/2 + 11% pis
−1
1/2 νp
−1
3/2 νg9/2
+ 17% pid−13/2 νp
−1
1/2 νg9/2 + 22% pid
−1
3/2 pis
−1
1/2 pih9/2 + 10% pis
−2
1/2 pif7/2
4524 11/2−10
5% pid−13/2 νf
−1
5/2 νi11/2 + 7% pis
−1
1/2 νf
−1
5/2 νi11/2 + 55% pis
−1
1/2 νp
−1
1/2 νi11/2
+ 7% pid−13/2 pis
−1
1/2 pih9/2
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Appendix C
Transition strength and mixing
calculations for the 7/2+1 state
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C.1 Non-observation of γ-decay in 207Tl from 0g7/2 β feed-
ing
The below describes the calculations by H. Grawe as part of the investigation into missing
allowed Gamow-Teller β-decay strength populating the 7/2+1 state in 207Tl. Shell model
calculations were performed to obtain single-particle strengths for the predicted internal
transitions.
SM in valence model space:
Shell model with PBKH7 in full proton hole model space pi(g7/2, d, s1/2, h11/2). Pa-
rameters epi = 1.5 e, gpis = 0.7 gfrees , gpip = +0.480 M1 including tensor, normalized to
l-forbidden d3/2–s1/2 transition.
SM including core excitations t = 1:
Shell model with PBKH7 in full proton and neutron model space. The PBKH7 inter-
action is the combination of the Kuo-Herling interaction [1,2] in the piνpp (NE) and
piνhh (SW) space relative to 208Pb with the H7B interaction [3] for the piνph (NW) and
piνhp (SE) space and cross-shell two-body matrix elements. True t = 1 allowing all hole
states pi(g7/2, d, s1/2, h11/2) and ν(h9/2, f, p, i13/2) to be excited to selected particle
states pi(h9/2, f7/2, i13/2) and ν(g9/2, i11/2). Core excitation to the νj15/2 orbital was
blocked due to excessive number of partitions as input for par-files. Note, this approach
allows only one GT transition from 207Hg, namely νi11/2 → pii13/2 populating a 1p− 2h
configuration relative to 208Pb. The respective ν(h9/2, f7/2, i13/2) → pi(h9/2, f7/2, i13/2)
transitions need 2p − 3h configurations, i.e. tpi= 1 and tν=1 (see below). The corre-
sponding 1p−2h daughter states are calculated at 4.837 (7/2+3 ), 4.264 (9/2+1 ) and 3.971
(11/2+1 ) MeV, respectively. The 7/2+1 is predicted to be 88% pig−17/2.
191
SM including core excitations tpi = tν = 1 in full and reduced model space:
Same as above, but allowing t = 1 for protons and neutrons simultaneously. This
allows all relevant GT transitions including ν(h9/2, f, i13/2) → pi(h9/2, f7/2, i13/2) and
νi11/2 → pii13/2. The 7/2+1 is now predicted to be 78% pig−17/2. The lowest 9/2+ and 11/2+
states are calculated at 3927 and 3645 keV, respectively. It should be noted though, that
ph excitations are usually calculated to be too high. The results are summarized in Fig.
C.1 (PBKH7) and compared to an earlier approach (KHH7B) in a reduced model space
pi(g7/2, d, s1/2, h11/2, h9/2, f7/2, i13/2) and ν(f, p, i, g9/2, j15/2) [4], which as in the t = 1
approach above allows νi11/2 → pii13/2 GT transitions only. The high-spin states are
well-reproduced in both approaches, slightly better in KHH7B.
B(GT) 207Hg; 9/2+ → 207Tl; 7/2+–11/2+:
The B(GT) daughter states are shown in a separate column of Fig. C.1. B(GT) val-
ues have been calculated with unquenched gA/gV , i.e. an additional reduction factor
of ∼50% should be applied. For the predominantly g−17/2 hole state a value of B(GT)
= 8.391 × 10−6 is calculated, which corresponds to log ft = 8.663. This corresponds
to a β− feeding of ∼0.015 % or with quenching factor of q = 0.752 = 0.56 [5]: B(GT)
= 4.720 × 10−6 , log ft = 8.91 and ∼0.008 %, respectively. Note, that log ft values
are estimates based on a 207Hg half-life t1/2 = 2.9(2) min and Qβ = 4847(30) keV. The
B(GT) to the yrast 9/2+ and 11/2+ states are calculated an order of magnitude weaker
to be 3.578×10−7 and 5.336×10−7, respectively. The second excited (7/2–11/2)+ states
are predicted in the region of the Qβ limit and are not expected to be relevant, though
as core excited they may be predicted to lie too high.
References
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Figure C.1: Experimental and shell model level schemes for 207Tl. Theoretical levels are normal-
ized to the pi−1 single hole states in 208Pb which have been used as single hole energies in the
pure pi−1 valence space. A truncation level of tpi = tν = 1 has been used in the full (PBKH7)
and reduced (KHH7B) model space as described above. The GT daughter states are shown in
the right column for 7/2+ (black), 9/2+ (blue) and 11/2+ (red).
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[2] E.K. Warburton and B. A. Brown, Phys. Rev. C 43, 602 (1991)
[3] A. Hosaka, K.-I. Kubo and H. Toki, Nucl. Phys. A 444, 76 (1985)
[4] E. Wilson et al., PLB 747, 88 (2015)
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The below further discusses the pig−17/2 content of the 7/2
+
1 state in 207Tl. The text
refers to the experimental and shell model-calculated spectroscopic factors listed in Table
C.1. To summarise, calculation of the pig−17/2 content in the 7/2
+
1 state is made difficult
by inconsistent experimental results, an incomplete description of the collective octupole
phonon, and limited experimental information on 7/2+ states. The last of these prevents
simultaneous consideration of the d5/2, h11/2, g7/2 and octupole excitations, which is
essential for an accurate description.
C.2 The spectroscopic factor 208Pb; 0+1 →207Tl; 7/2+ from
(d,3He), (t,α)
In the manuscript 208Pb is assumed to be the inert core and with the “GT-truncation”,
i.e. t=1 for protons and neutrons t=(1,1) in (h,f,i) orbits core excitation allowed for
207Tl. In this approach the pig7/2 content in the Ipi = 7/2+ state is 77.60%, yielding SF
= 0.776×8 = 6.21, in agreement with the OXBASH result. The table lists the values for
the remaining (s,d,h11/2) orbits, too, in column (a) in comparison to three experiments.
This is an upper limit only, as core excitations of the type t=(2,0) and (0,2) are
excluded and not considered for 208Pb at all. Moreover, any higher-t core excitations
are ignored. Nevertheless, fair agreement is found for the Ipi=1/2+, 3/2+ and 11/2−
states, while SF for Ipi = 5/2+ and 7/2+ are substantially overestimated. It should be
noted that comparison of the three different experiments exhibits a large spread in the
inferred SF.
A possible explanation is coupling of the single-hole states in 207Tl to the 3− octupole
phonon in 208Pb. This does not change the 208Pb g.s. (except for a marginal contribution
of the (3−)20+ double-octupole) but will mix into the Ipi = 5/2+, 11/2− and 7/2+ states
in 207Tl. For the former two states this contribution has been calculated [4] as 16.0%
and 4.4%, respectively, which reduces the SF to the values in column (b). This improves
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the 5/2+ value. The 7/2+ case unfortunately was not considered due to incomplete
experimental information.
In the Letter we have argued that the g7/2 × 3− coupling is small due to its non-
stretched character. This is true for the interaction matrix element h(j1, j2× 3−), which
is 0.207 and 0.747 MeV for (h11/2,g7/2) and (h11/2,d5/2), respectively [4]. The mixing
amplitude, however, is inversely proportional to the energy denominator, which is much
smaller for g7/2 than for d5/2: a2mix = h2/[(Emix − Epure)2 + h2]. In Rejmund’s thesis
[4] the mixing was calculated for d5/2 and h11/2 states and found to be in excellent
agreement with experimental values. A similar calculation for the 7/2+ is complicated
for two reasons: (i) there is no clear evidence for the position of the 3− coupled state, the
transfer strengths is concentrated in a doublet at 3474/3987 keV and at 4900 keV; (ii)
introduction of an additional (h11/2,g7/2)×3− besides (h11/2,d5/2)×3− cannot be solved
in a two-level approach but creates an n=4 coupled equation problem with an incomplete
set of non-diagonal matrix elements.
In a very simple two-level approach assuming the 3474 and 3987 keV states to be the
dominantly single-hole and octupole coupled states a g7/2 occupation of 67% and 33%
is estimated for these states, respectively, resulting in a reduction of the SF as listed in
the table. It should be noted that this would place the undisturbed (h11/2) position at
1200 keV; about 300 keV lower than the calculated position from the (h11/2,d5/2)×3−
coupling [4]. This stresses the need of consistent simultaneous treatment of both modes.
The SF(7/2+) as measured in ref. [1] show a transfer feeding centred around 3.59 and
4.94 MeV, the difference being suspiciously close to that of the 3− and 2+ phonon states
in 208Pb, namely 1471 keV. This indicates an additional quenching of the 3474 keV SF.
A consistent treatment of single-particle and octupole/quadrupole phonon coupling is
beyond the scope of present theoretical approaches. The impurity of the 207Hg parent
may be estimated from 209Pb to < 3% [4].
In summary the proximity and coupling of the g7/2 (and d5/2) hole states to the 3−
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Table C.1: 207Tl (d,3He) and (t,α) spectroscopic factors C2S
Exp. SM
Ipi EX [1] [2] [3] (a) (b)
1/2+ 0.000 1.70 1.8 1.3(3) 1.57 -
3/2+ 0.351 3.58 3.8 4.4(9) 3.12 -
5/2+ 1.638 3.75 3.5 3.1(6) 4.63 3.89
7/2+ 3.474 2.17 3.5 6.4(13) 6.21 4.15
3.987 0.69 - - - 2.06
11/2- 1.348 10.55 7.7 7.3(15) 9.49 9.07
and 2+ phonon states in 208Pb gives rise to a reduction (and redistribution) of the re-
spective spectroscopic strengths that can be reached in transfer from the 208Pb ground
state. The consequence will be that the limit for the validity of the ∆n = 0 rule should
be a bit more conservative in view of an estimated 52% (not 78%) purity of the g7/2 hole
state. This will increase the SM calculated log ft marginally.
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[2] H. Langevin-Joliot et al., J. Phys. G 10, 1435 (1984)
[3] E.R. Flynn et al., Nucl. Phys. A 279, 394 (1977)
[4] M. Rejmund et al., Eur. Phys. J. A 8, 161 (2000) and M. Rejmund, Thesis, Table
3.8, p. 53, Warsaw University (1998)
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Appendix D
Publication on the ∆n = 0
hindrance of an allowed
Gamow-Teller β-decay
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Abstract
Gamow-Teller β decay is forbidden if the number of nodes in the radial wave functions of the initial and final states
is different. This ∆n=0 requirement plays a major role in the β decay of heavy neutron-rich nuclei, affecting the
nucleosynthesis through the increased half-lives of nuclei on the astrophysical r-process pathway below both Z = 50 (for
N > 82) and Z = 82 (for N > 126). The level of forbiddenness of the ∆n=1 ν1g9/2 → pi0g7/2 transition has been
investigated from the β− decay of the ground state of 207Hg into the single-proton-hole nucleus 207Tl in an experiment at
the ISOLDE Decay Station. From statistical observational limits on possible γ-ray transitions depopulating the pi0g−17/2
state in 207Tl, an upper limit of 3.9×10−3% was obtained for the probability of this decay, corresponding to log ft > 8.8
within a 95% confidence limit. This is the most stringent test of the ∆n=0 selection rule to date.
The theory of β decay was developed by Fermi in 1934 [1].
In its modern form it is derived from the standard model
of the electroweak interaction [2, 3]. Based on the or-
bital angular momentum L carried by the β particle and
neutrino, the β decay is classified as allowed (L=0), first-
forbidden (L=1) and so on. The so-called forbidden tran-
sitions are hindered, but not completely suppressed. The
selection rules for allowed β decay are total angular mo-
mentum change ∆I=0,±1 and no parity change between
the initial (decaying) and final (populated) states. In con-
∗Corresponding author
Email address: t.berry@surrey.ac.uk (T. A. Berry )
trast, first-forbidden transitions have ∆I=0,±1,±2 and a
change in parity. These are the selection rules which can
be found in textbooks. However, in the case of allowed
β transitions, there is one additional rule: the number of
nodes, n, in the radial wave functions of the decaying and
populated states must be equal.
The ∆n=0 selection rule plays a major role in heavy
neutron-rich nuclei. The single-particle shell-model or-
bitals for the N > 126, Z < 82 region (‘south-east’ of
208Pb) are shown in Fig. 1. The several pairs of ∆n=1,
∆l=0 orbitals are indicated. If the ∆n=0 selection rule is
strictly obeyed, β decay between them is forbidden, result-
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Figure 1: Shell model orbitals for 50 < Z < 82 and 126 < N <
184. The ordering and energy spacing of the orbitals are taken from
the experimental level schemes of 207Tl and 209Pb respectively [4].
Arrows link proton-neutron pairs which satisfy the ∆l=0, ∆n=1
condition.
ing in longer lifetimes. The greatest impact is on nuclei
where the Fermi level lies high above N = 126 and/or
much below Z = 82, e.g. nuclei on the astrophysical r-
process pathway, influencing the nucleosynthesis of heavy
elements. On the other hand, this selection rule has lit-
tle effect on isotopes which are proton-rich or close to the
stability line, making the experimental investigation of its
validity difficult. We explored the ν1g9/2 → pi0g7/2 transi-
tion in the β decay of 207Hg in a high-statistics experiment
performed at CERN-ISOLDE. In this letter we provide the
most stringent test of the ∆n=0 selection rule to date.
The β-decay probabilities are characterised by logft
values, where f is the Fermi function and t is the partial
half-life. For allowed (L=0) decay ft can be written as [5]:
ft× (BF +BGT) = pi
2~7 ln(2)
2m5ec
4
(1)
where BF and BGT are the Fermi (total spin of the electron
and antineutrino is S=0) and the Gamow-Teller (S=1) re-
duced transition probabilities, and are proportional to the
|MFfi|2 and |MGTfi |2 matrix elements respectively. These in
turn are summed over the single-particle matrix elements.
These single-particle matrix elements are equal to zero if
the number of radial nodes in the wave function, n, changes
between the initial and final states. The ∆n=0 selection
rule applies for both Fermi and Gamow-Teller transitions.
For details see ref. [6].
Far from theN=Z line, Fermi decays are isospin-forbidden
(∆T 6= 0), so considering Gamow-Teller transitions only
one obtains [5, 6, 7]:
ft =
6147
1.62 12Ii+1 |〈Ψf ||τ±σ||Ψi〉|2
(2)
where τ± is the isospin step operator converting either a
proton to a neutron or a neutron to a proton respectively,
σ is the Pauli spin operator, and Ψi,f are the initial and
final total nuclear wave functions. From the form of the
operators the selection rules of ∆I=0,±1 with no parity
change follow. The matrix element is related to the overlap
L of the initial and final state wave functions:
L =
∫ ∞
0
Ψi(r)Ψf (r)r
2dr. (3)
For ∆n 6= 0, if the Hamiltonians are identical (i.e. spin-
orbit and Coulomb effects are ignored) then the radial
wave functions are orthogonal, and L=0. The assessment
of the ∆n=0 selection rule requires a good understand-
ing of both initial and final states. This is achieved in
the vicinity of the doubly magic nuclei, when the wave
functions can be given in terms of a few single-particle
components.
According to our knowledge, the ∆n=0 selection rule
was verified for a single case: that of the β decay of 209Tl
into 209Pb [8]. The present case of the 207Hg→ 207Tl decay
provides a more stringent test, due to larger spin-coupling
coefficients and the stronger contributions of the relevant
single-particle orbitals to the overall wave functions.
The 207Hg ground state has an expected spin-parity
of 9/2+, corresponding to a neutron in the ν1g9/2 orbital
above the N = 126 magic number. The daughter nucleus
207Tl is one proton hole away from doubly magic 208Pb.
It exhibits clear single-particle behaviour with the 7/2+
pi0g−17/2 hole state at an energy of 3474(6) keV [9]. This
state has been populated in a number of particle transfer
experiments [10, 11, 12, 13, 14]. In the present letter we
examine the ν1g9/2 → pi0g7/2 β decay, allowed in terms of
spin-parities but forbidden by the ∆n=0 selection rule.
The β decay of 207Hg into 207Tl has been studied at
the ISOLDE Decay Station (IDS). A molten lead target
was bombarded with 1.4 GeV protons. 207Hg ions were
extracted at 30 kV from the VD5 FEBIAD source [15],
separated by the General Purpose Separator (GPS) and
collected on the tape at IDS. The average implantation
yield was 4.8(2)× 104 pps. The dominant beam contami-
nant was 206Hg, with a presence of around 0.6 times that
of 207Hg. However, with a Qβ=1.31(2) MeV and few γ
transitions [16] it does not impact the current results. β
decay and γ rays were detected by three plastic scintil-
lators in a close configuration and an array of high-purity
germanium (HPGe) detectors, respectively. The HPGe ar-
ray consisted of four Canberra Clover detectors, arranged
at equal angular separation at a backward angle, and a
Miniball [17] cluster detector along the beam axis. The
full detector set-up had a gamma-ray add-back efficiency
of 22% at 100 keV and 4% at 2.6 MeV, and a β-particle
efficiency of ∼30%. Extension of the efficiency calibration
up to 2.6 MeV was performed by using the relative inten-
sities of the 583 keV and 2614 keV peaks from the β decay
of 208Tl [18], measured on a separate GPS mass setting
during the same experiment.
The analysis of this experiment revealed the level scheme
of 207Tl up to an energy of 3.94 MeV [19]. It is in good
agreement with the previously established scheme [20], and
2
contains a number of newly-observed states and transi-
tions. The level scheme is now complete and balanced. A
partial level scheme, showing levels and transitions used
in this analysis, is shown in Fig. 2.
The four lowest-energy states correspond to shell model
single-proton-hole states: the pi2s−11/2 ground state; the
pi1d−13/2 state at 351 keV; the isomeric pi0h
−1
11/2 state at
1348 keV (not shown on Fig. 2); and the pi1d−15/2 state
at 1683 keV. At 2676 and 2709 keV lie the pair of states
corresponding to the coupling of the 3− octupole vibra-
tional phonon to the ground state [20]. Above these, up
to an energy of 3.8 MeV, lie a number of (7/2, 9/2, 11/2)−
states, some of which result from octupole coupling with
the pi1d−13/2 state and others involving other negative-parity
particle-hole excitations.
No transitions into or out of the pi0g−17/2 proton-hole
state at 3474(6) keV were observed. As the decay of this
state was never observed [9], we used theoretical consider-
ations to evaluate which states it would populate (see Fig.
2). The M3 and M2 transitions to the 1/2+ ground state
and 11/2− isomeric state, respectively, would be extremely
weak and so are ignored. The high-energy 3123(6) keV E2
transition to the 3/2+ first excited state is expected to
be dominant. This is a g7/2 → d3/2 transition connect-
ing ∆j=∆l=2 states. The 1791(6) keV M1+E2 transi-
tion to the 5/2+ state may be of comparable strength,
although the M1 decay in this g7/2 → d5/2 transition is
l-forbidden. The next two excited states at 2676 keV and
2709 keV have spin-parity (7/2−) and (5/2−), respectively
[20]. Many E1 transitions, some connecting equivalent
single-particle and octupole states, have been observed in
nearby nuclei [16, 21, 22, 23, 24]. Measured B(E1) transi-
tion strengths are in the range of 10−3– 10−5 W.u.. There-
fore we adopt an upper limit of B(E1)=10−3 W.u. for the
possible 798(6) keV and the 765(6) keV transitions. The
typical E1 strength is an order of magnitude smaller than
this upper limit.
Most of the observed states between 2709 and 3474 keV
have spin-parity (5/2, 7/2, 9/2)− [9]. Due to the lower en-
ergies of the possible E1 transitions into these states, the
branching ratios from the pig−17/2 state should be smaller.
In order to have comparable intensity to the 3123 keV
E2 transition they need to have an unrealistically high
strength of B(E1)>0.05 W.u. Therefore these transitions
are not considered. The properties of the four most proba-
ble depopulating transitions, including the estimated branch-
ing ratios, are given in Table 1. The latter are based on
shell-model values ofB(M1) andB(E2) transition strengths.
These calculations assume pure (0g7/2, 1d, 2s) proton hole
states and standard effective E2 proton charge of 1.5e
[25, 26, 27]. In order to obtain the strength of the l-
forbidden g7/2 → d5/2 M1 transition, a gp[s × Y2] tensor
term into the effective operator [28, 29] was introduced.
Adopting the 0g7/2–1d5/2 vs. 1d3/2–2s1/2 scaling calcu-
lated for a 132Sn core in the same model space [29], and
considering the radial overlaps of the involved orbitals, the
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Figure 2: Partial level scheme of 207Tl. Transitions expected to
de-populate the state at 3474(6) keV are drawn with dashed ar-
rows. Observed transitions, used as gates for coincidence spectra,
are drawn with solid arrows.
B(M1) value of 0.0041 W.u. was obtained.
The most stringent non-observation limits were ob-
tained from βγγ coincidence data. Where a transition
is not observed, an upper limit on the intensity can be
deduced from the uncertainty in the relevant background
area, Iγ < N
√
2A. N is the number of standard deviations
used, and A is the background area below the expected
peak. The γγ coincidences used are indicated in Fig. 2,
and the resulting coincidence spectra for the four different
gating transitions are shown in Fig. 3. The extracted in-
tensity limits, for N = 2 (95% confidence limit), are given
in Table 1. The limits cover all energies within 2σ (12 keV)
of the central energy. As shown in Table 1, the highest-
energy transition is expected to dominate. Assuming a
lower limit of 90% for the branching ratio of the 3123 keV
transition, we would obtain a maximum possible popula-
tion of the 3474 keV 7/2+ state of 1.2× 10−3% leading to
the final result log ft > 9.3. However, we can reduce our
reliance on the shell model calculations by considering any
branching ratios between all four transitions. In this case,
the maximum possible population of the 3474 keV 7/2+
state is 3.9×10−3% leading to the final result log ft > 8.8.
The shell model calculations performed for further in-
terpretation are based on the Kuo-Herling interaction [30,
31] in the pp and hh channels, and proton-neutron two-
body matrix elements (TBMEs) from a H7B G-matrix
[32, 33] in the ph, hp and cross-shell channels relative to
208Pb. The combined interaction KHH7B (or PBKH7)
in a pi(0g7/2, 1d, 2s, 0h11/2)
−1(0h9/2, 1f, 2p, 0i13/2) and
ν(0h9/2, 1f, 2p, 0i13/2)
−1(0i11/2, 1g, 2d, 3s, 0j15/2) model
space is provided by the OXBASH package [34] as PBALL.
The initial and final wave functions are:
Ψi(
207Hg; 9/2+) = φC ·
∑
j
αj(pij
−2)0+(ν1g9/2) (4)
Ψf (
207Tl; 7/2+) = φC · (pi0g−17/2) (5)
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Figure 3: β-gated γγ coincidence spectra for transitions expected
to de-populate the 3474(6) keV state in 207Tl. Fit lines show cal-
culated upper limits on unobserved peak intensity, using an N=2
(95% confidence) statistical limit. The peak with energy 3142 keV
in coincidence with the 351 keV transition (top spectrum) implies
the existence of a state at 3493 keV, discussed in the text.
where φC is the
208Pb core and
∑
j αj(pij
−2)0+ is the wave
function of two proton holes outside the core. The result-
ing reduced Gamow-Teller matrix element is given by the
equation
〈Ψf ||τ±σ||Ψi〉 =
√
6jˆijˆfLα7/2W (1, 1/2, jf , l; 1/2, ji) (6)
where the notation jˆ =
√
2j + 1 is used. The Racah co-
efficient W is equal to 0.19245 for this decay. α27/2 is the
probability that there are two holes in the pi0g7/2 orbital in
the ground state of 207Hg. The shell model calculation in
the pih–νp space yields α7/2=0.095. L = 〈ν1g9/2|pi0g7/2〉
is the overlap integral between the specified single particle
states.
From this information we obtain a limit |L| < 0.019.
This is a stricter limit than that obtained from the β decay
of 209Tl for the overlap of the ν3s1/2 and pi2s1/2 orbitals [8].
The reasons are the lower experimental log ft > 8.35 limit
in the case of 209Tl, and the lower ν3s−21/2 contribution to
the 209Tl ground state (α1/2 = 0.05 using the same shell
model calculation).
The overlap integral L is very sensitive to the difference
between the neutron and proton well radii. By calculating
the value of the integral using a Woods-Saxon potential,
using known proton and neutron separation energies and
fixing the surface thickness and neutron radius parameter
Table 1: Experimentally obtained Iγ intensity limits presented as a
γ-ray emission probability per hundred β decays of the 207Hg parent
nucleus, along with shell-model calculated transition strengths and
corresponding branching ratios.
Eγ Iγ,exp σL B(σL)the BR,the
(keV) (%) (W.u.) (%)
3123(6) < 1.07× 10−3 E2 2.07 92.3
1791(6) < 3.86× 10−3 M1+E2 0.0041 (M1) 1.9
0.23 (E2)
798(6) < 3.21× 10−3 E1  10−3  3.1
765(6) < 1.43× 10−3 E1  10−3  2.7
to a = 0.65 fm and rν = 1.25 × A1/3 fm respectively, the
result suggests that the 0g7/2 proton well radius parame-
ter is between 0% and 1.5% larger than the 1g9/2 neutron
orbital parameter. Knowledge of these parameters is im-
portant in models of transfer reactions and neutron skin
calculations.
So far we have not considered mixing in the 3474(6)
keV state. Indeed, spectroscopic factor measurements sug-
gest that the pi0g−17/2 orbital is dominant but with large
mixing [12]. The other components might be populated
by allowed β decay. Another 7/2+ state with pih−111/2 × 3−
configuration is expected ∼500 keV above the g7/2 state,
but in this case the phonon coupling is not stretched. Due
to vector coupling coefficients the mixing is expected to be
small [35, 36] and is not considered. More important are
certain two-particle-three-hole (2p− 3h) excitations. Such
states are obtained if in 207Hg a neutron in a N < 126
orbital decays into a Z > 82 orbital. In these 2p − 3h
final states both the proton and neutron cores are bro-
ken. Shell-model calculations were performed, allowing
hole states pi(g7/2, d, s1/2, h11/2) and ν(h9/2, f, p, i13/2)
to be excited to selected particle states pi(h9/2, f7/2, i13/2)
and ν(g9/2, i11/2), respectively. The high-spin states of
207Tl [37] were well-reproduced. The yrast 7/2+ state
is predicted to be 78% pig−17/2. In this approach all rele-
vant Gamow-Teller transitions ν(h9/2, f, i)→ pi(h9/2, f7/2,
i13/2), are accounted for. The Gamow-Teller strength into
the 7/2+ state was calculated. Considering a quenching
factor of 0.56 [38], a population of this state at a level of
8×10−3% is predicted, corresponding to logft=8.53. In
conclusion, the theoretically predicted population of the
yrast 7/2+ state is around twice the experimentally deter-
mined upper limit for the excited state at 3474(6) keV. An
uncertainty of 50% in the population predicted by the shell
model would reconcile the observed and predicted values.
While no peak was observed in the 351 keV γγ coin-
cidence spectrum at the expected energy of 3123 keV, a
small peak at 3142 keV (shown in Fig. 3) implies the exis-
tence of a state with an energy of 3494 keV. This lies three
standard deviations away from 3474(6) keV, and with no
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other supporting transitions a spin-parity assignment is
not possible. Nevertheless, in the case that the state at
3494 keV is the 7/2+1 state previously placed at 3474(6)
keV, this would imply an observed β-feeding intensity of
8(1) × 10−3% and log ft = 8.53(9). This is exactly the
value predicted by the shell model for the population of
the yrast pi0g7/2-dominated 7/2
+ state. It would still im-
ply that the ∆n=0 selection rule is observed, as the ob-
served population of this state from the β decay of 207Hg
would be fully accounted for by the 2p− 3h mixing.
In the absence of the ∆n=0 selection rule, the lifetimes
of the 207Hg and 209Tl nuclei would be shorter. Assuming
log ft equal to the modal average of the empirical distribu-
tion for allowed transitions [39], the Gamow-Teller transi-
tions would take approximately 5% and 20% of the decay
intensity into 207Tl and 209Pb respectively, shortening the
half-life of 207Hg by around 7% and that of 209Tl by around
20%. The effects are much larger for extremely neutron-
rich heavy nuclei. Close to 208Pb the contributions of
the relevant wave functions in the mother/daughter nu-
clei are very low, with amplitudes α1/2=0.05 for
209Tl and
α7/2=0.095 for
207Hg. These increase dramatically for ex-
tremely neutron-rich nuclei, when either exploring deeper
into the proton shell below Z = 82 or extending further
into N > 126 (see the ordering of orbitals on Fig. 1).
For example, the r-process path is predicted to cross the
Z = 82 line at around neutron number N∼160–170 [40].
In this region, just below Z = 82, the ∆n=0 selection
rule will have an impact on the lifetimes by forbidding
the ν3s1/2 → pi2s1/2 and ν2d3/2 → pi1d3/2 Gamow-Teller
transitions. The effect of this selection rule for the de-
cay of N = 126 r-process waiting-point nuclei is negligi-
ble because of the minimal contribution from N > 126
orbitals. The same selection rule also affects nuclei ‘south-
east’ of 132Sn [41] due to the existence of ∆n=1, ∆l=0
neutron-proton orbital pairs in the region of N > 82 and
Z < 50. Experimental investigation of the forbiddenness
in this mass region is an interesting possibility but remains
challenging due to the large Qβ values.
The β decay of 207Hg was studied and a search was
made for γ-rays following the n-forbidden ν1g9/2 → pi0g7/2
Gamow-Teller β decay. From the non-observation of this
decay, a log ft > 8.9 limit at 95% confidence level was de-
duced. This is the most stringent test of the ∆n=0 rule to
date, and suggests that the selection rule is indeed obeyed.
The rule has implications for the decays of the neutron-
rich nuclei in both the N > 82, Z < 50 and N > 126,
Z < 82 regions. In the latter region, the lifetimes of nu-
clei on the astrophysical r-process path are considerably
increased, affecting the nucleosynthesis of heavy elements.
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